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ABSTRACT
Ciliopathies are a group of disorders that arise from ciliary dysfunction.
Meckelin (MKS3 or TMEM67) is a conserved transmembrane protein found at the
transition zone of ciliated cells. In humans MKS3 is one of 3 genes linked to the
ciliopathy Meckel Syndrome. This disease is characterized by occipital
meningioencephalocoele, polycystic kidneys, fibrotic changes to the liver, postnatal
polydactyly and situs inversus.
Paramecium tetraurelia is a single celled ciliated eukaryote. Its surface is
organized of a meshwork of cortical units that run the length of the cell. At the center of
the cortical units are either one or two basal bodies. In two basal body units only the
posterior basal body is ciliated. From the ciliated basal body, three rootlets project in
stereotypical orientations: the post-ciliary rootlet projects posteriorly, the transverse
microtubule projects toward the adjacent basal body row and the striated rootlet projects
anteriorly. Both the post-ciliary rootlet and transverse microtubule are microtubule-based
structures. The striated rootlet is composed of multiple subunits that are predicted to
have conserved segmented coiled coil domains known as SF-Assemblin domains.
In Picariello at al., 2014, we showed that MKS3 is present in the transition zone
of Paramecium tetraurelia and that RNAi for MKS3 leads to global ciliary loss.
Additionally, RNAi for MKS3 results in the disorganization of the basal body rows.
Within the areas of disorganization, the basal bodies along with their striated rootlets,
post-ciliary rootlets and transverse microtubules are rotated away from their expected
orientation. Interestingly, the post-ciliary rootlet and transverse microtubule are still
attached at the expected angles relative to each other within the areas of disorganization.
Initial GST pull-down experiments using the coiled coil domain of MKS3 suggest a
potential interaction between MKS3 and the striated rootlet family members KdC1 and
KdB2.
To test potential interactions between MKS3 and the striated rootlet we
identified 27 potential striated rootlet family members in Paramecium. Full-length
sequences for 13 of these genes were marked at their N-terminus with a 3x FLAG
sequence. Components with a conserved SF-Assemblin domain were distributed
uniformly within the striated rootlet. Components lacking the SF-Assemblin domain
were found in various cellular locations, but not within the striated rootlet. GST pulldown experiments utilizing the MKS3 C-terminus as bait were performed using cells
expressing the FLAG-tagged striated rootlet family members. Unfortunately a clear
interaction between MKS3 and the striated rootlet remains elusive.
The organized nature of the surface of Paramecium has allowed us to identify a
previously unrealized function for MKS3. Our immunofluorescence data suggest that
MKS3 functions outside the transition zone to maintain basal body row organization by
potentially contributing to a link between the basal body and the striated rootlet. Without
the link, the migrating basal bodies are free to rotate and project their rootlets in the
wrong directions. Although the nature of the link remains elusive, the identification of
disorganized basal body rows upon MKS3 reduction suggests that, in addition to ciliary
dysfunction, basal body polarity defects may contribute to the development of MKS.
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Chapter 1: Comprehensive Literature Review
I. Overview
This work strongly suggests that Meckelin functions outside the transition zone to
maintain basal body row organization in the ciliate model system Paramecium
tetraurelia. This work is divided into four main chapters. The first provides a thorough
review of the model system as well as the work that has been done with Meckelin,
Meckel-Gruber syndrome and several other ciliopathies. The second chapter attempts to
demonstrate that MKS3 in Paramecium has two functions. First MKS3 functions in
maintaining basal body row organization on the dorsal surface of the cell, a role for
MKS3 which was previously unrealized. Second, MKS3 continues to function in its
more traditional role as a component of the ciliary transition zone. Furthermore, we
speculate that MKS3 is a critical component of a link between the basal body and the
striated rootlet and that this link is crucial to maintaining basal body row organization of
the dorsal surface of the cell. Chapter three focuses on our attempts to clarify the nature
of the link between the basal body and striated rootlet. In this chapter we present data on
interaction studies between the striated rootlet and MKS3. Additionally we show the
localization of 13 striated rootlet family members using immunofluorescence. The fourth
chapter summarizes the work and concludes with a discussion of future directions for this
study.
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II. Paramecium tetraurelia
General Structure
Paramecium tetraurelia is a unicellular eukaryote found in freshwater
ecosystems. The cell is approximately 110 to 150 µm in length. Paramecium provides an
excellent model for the study of cilia and cilia associated genes. The cell is covered in
thousands of cilia and each cilium arises from a basal body. The basal bodies are
organized into staggered longitudinal rows of cortical units (Allen, 1971). See figures 1.1
and 1.2 for an image of a Paramecium and its cortical units. Each cortical unit is
polarized with respect to the longitudinal axis of the cell and contains either one or two
basal bodies at the center of the unit. The cell has a short generation time and normally
divides via binary fission. The cell has two distinct types of nuclei: the micronucleus,
which is diploid and is responsible for gene transfer during sexual replication and the
macronucleus, which is polypoid and contains 39,642 protein coding genes responsible
normal cellular function (Aury et al., 2006). Division of the macronucleus is generally
described as amitotic where the macronucleus elongates and divides into approximately
equal parts (Stevenson and Lloyd, 1971; Tucker et al., 1980). See figure 1.3 for a
macronuclear division and cell cycle diagram.

Behavior
The swimming behavior of Paramecium was described early in the twentieth
century by Jennings. His term ‘avoidance reaction’ describes the reversal of the ciliary
power stroke leading to backward movement, a turn to re-orient the cell and subsequent
2

movement in a new forward direction. This reaction occurs when the anterior end of the
cell contacts a solid object or when the cell is placed in a solution containing a repellant
solution such as inosine monophosphate (Jennings, 1906).
Paramecium cells respond to the ionic composition of the medium in which they
are placed. In the presence of a depolarizing medium, the cell can reach its threshold
potential and fire a Ca2+ based action potential. The generation of an action potential
leads to the reversal of the ciliary power stroke. Action potentials in Paramecium depend
solely on Ca2+ entering the cilia through voltage gated calcium channels that are present
exclusively in the ciliary membrane (Dunlap, 1977; Eckert, 1972). The return of the cell
to its resting membrane potential (-30 to -40 mV) causes the power stroke to return to
normal and the cell to swim forward. The cell accomplishes this through the action of
two potassium currents; the voltage activated Kv current (Satow and Kung, 1980) and the
Ca2+ activated KCa current (Brehm et al., 1978). The ability of Paramecium to alter its
swimming behavior and generate action potentials based on its ionic environment makes
it an excellent model to study ion channel function.

Cilia and Basal Bodies
Basal Bodies are cylindrical structures composed of a ring of microtubule triplets
that serve to anchor the cilium and pattern its organization of cilia. New basal bodies
develop anterior to parental basal bodies. Basal body development begins with the
formation of a flat, dense ‘generative’ disc. This is followed by the formation of
microtubule singlets around the rim of the disc. Prior to the formation of one complete
3

set of nine microtubules (termed A microtubules), a second set of microtubules begins
forming (termed B microtubules). Likewise a third set (C microtubules) begins formation
prior to the completion of B microtubule formation (Dippell, 1968). At maturity the basal
body is docked with the membrane and has a diameter of 220 nm and a length of 440 nm.
The A and C tubules are connected to form a cartwheel pattern (Ringo, 1967). A cross
section of the basal body can be seen in figure 1.4.
Extending distally from the basal body is the cilium. Cilia grow from base to tip
and their membrane is continuous with the membrane of the cell. The internal structure
of the cilium is patterned from the ‘cartwheel’ present in the basal body. Unlike the basal
body, the internal scaffold of the cilium known as the axoneme, contains 9 outer doublets
of microtubules that are extensions of the A and B tubules of the basal body (Ringo,
1967). In addition to the nine outer doublet microtubules, cilia are characterized by the
presence or absence of a central pair of microtubules: Motile cilia as 9+2, non-motile
cilia as 9+0. Classically, non-motile cilia have been characterized as sensory cilia, but
more recent work has shown that both motile and non-motile cilia can serve sensory
functions (Bloodgood, 2010; Christensen et al., 2007). Further work has shown that 9+0
motile cilia exist, as do several other axonemal organizations (Basu and Brueckner,
2008). The cilia covering the surface of Paramecium tetraurelia are classic examples of
the 9+2 arrangement of motile cilia. See figure 1.4 for a cross section of the cilium.
Just above the basal body, in the proximal region of the cilium, is the transition
zone (TZ). This region is characterized by the transition fibers and rows of Y-links that
project from the central microtubule ring to the ciliary membrane. The transition fibers
4

emerge from the B microtubules and are believed to anchor the microtubules in this
region to the plasma membrane. More distally, the Y-links are present and are believed
to serve a similar anchoring function (Szymanska and Johnson, 2012). The transition
zone is believed to act as a gate to regulate the protein content of the cilium (Czarnecki
and Shah, 2012). Several transition zone specific protein modules have been identified
and are believed to play major roles in regulating the entry of proteins into the ciliary
compartment (See figure 1.5). The nephronophthisis module (NPHP), composed of
NPHP/nephrocystin-1, NPHP-4 and RPGRIP1L, is believed to take part in the regulation
of Intraflagellar Transport (IFT) and cargo entry into the cilium. The Joubert-Turner
Sydrome (JBTS) module contains the proteins IQCB1 and CEP290. This module is
essential for the formation of the cilium. The Meckel-Gruber Syndrome (MKS) module
contains MKS1, MKS3, CC2D2A and Tectonic2 (TCTN2). This module functions in
neural tube development and Hedgehog signaling (Sang et al., 2011). Further studies
have elucidated other interacting proteins in the transition zone including the Tectonic
module consisting of TCTN1, TCTN2 and TCTN3 and several more MKS module
components including B9D1 and B9D2. The Tectonic module is also believed to
function in regulating ciliogenesis and ciliary membrane composition. RPGRIP1L links
the MKS and NPHP modules and both modules function in early ciliogenesis including
basal body docking and transition zone formation (Garcia-Gonzalo et al., 2011; Williams
et al., 2011).

5

Basal Body Duplication in Paramecium
Prior to basal body duplication in Paramecium, all two basal body units are
converted to one basal body units. During this process, the anterior basal body of the pair
separates from the posterior basal body and moves toward the anterior of the cell (Iftode
and Fleury-Aubusson, 2003). While moving anteriorly, this basal body remains linked to
the striated rootlet, which acts as a guide that keeps the migrating basal bodies aligned
within the cortical row. Once the anterior basal body has separated from the posterior
basal body it develops its own set of rootlets. Furthermore, the increased spacing of the
basal bodies permits the initiation of basal body duplication (Iftode and Fleury-Aubusson,
2003).
Basal body duplication in Paramecium is a complex spatial and temporal process
that is not uniform across the entire cell. There are invariant regions where there is no
duplication activity, such as the extreme anterior and posterior of the cell (Iftode et al.,
1989). In contrast, the highest basal body duplication activity is found around the
midline, where there is elongation of the cell to prepare for the development of a new
anterior and a new posterior daughter cell. In this region, basal body duplication takes
place in two waves, the first of which has two rounds. The first round produces a new
basal body in each cortical unit resulting in two or three basal bodies per cortical unit.
The second round creates another basal body in each cortical unit along a narrow band
around the midline of the cell on both the dorsal and ventral surfaces (Iftode et al., 1989;
Iftode and Fleury-Aubusson, 2003). This second round results in cortical units with a
third or fourth basal body. Later in the division cycle, the second wave of duplication
6

reconstitutes 2 basal body units in specific regions of the cell. A simplified map of the
progression of the basal body duplication waves is shown in figure 1.6. As the cell
continues to elongate during division the duplicated basal bodies continue to separate and
new cortical units are developed by the formation of a transverse partition that divides the
duplicated basal bodies, thus restoring the units to one or two basal bodies per cortical
unit (Iftode et al., 1989).

Cortical Cytoskeleton of Paramecium
The basal bodies and cilia in Paramecium emerge from the center of a cortical
unit. As previously mentioned, these units cover the cell and run its length in staggered
rows. Cortical units can have either one or two basal bodies at their center (Allen, 1971).
In units with one basal body, three rootlets project from the basal body in stereotypical
orientations (a diagram of the cortical cytoskeleton can be seen in figure 1.7). The
transverse microtubule projects laterally toward the adjacent row of basal bodies while
the post ciliary rootlet projects towards the posterior of the cell. The striated rootlet
projects anteriorly from the basal body and traverses several cortical units (Iftode et al.,
1996; Iftode et al., 1989). In two basal body units, only the posterior basal body has a
complete set of rootlets while the anterior basal body of the pair has only the transverse
microtubule. The basal bodies are linked to each other and the anterior basal body of the
pair is linked to the striated rootlet through a series of fibrous nodes. This link (see figure
1.8) between the striated rootlet and basal body should help to maintain the organization
of the basal body rows as basal body duplication initiates.
7

Several other structures and cytoskeletal elements are associated with each
cortical unit. Below the membrane are the alveolar sacs that are membrane bound
organelles responsible for calcium storage (Allen, 1971). In addition, each cortical unit
contains a parasomal sac, which is believed to be a site of endo-, exo- and pinocytosis
(Allen and Fok, 1980; Plattner and Kissmehl, 2003). Closely apposed to the alveolar sac
membrane is a filamentous layer called the epiplasm. The epiplasm is continuous under
the alveolar sacs and contacts the distal region of the basal body cylinder (Allen, 1971).
In Paramecium, the epiplasm is composed of 51 proteins known as epiplasmins that are
subdivided into 5 phylogenic groups (Aubusson-Fleury et al., 2013). The epiplasm is a
permanent structure that may function to solidify the orientation and positioning of newly
assembled elements during division (Aubusson-Fleury et al., 2013; Aubusson-Fleury et
al., 2012; Collins et al., 1980).
Striated rootlets are another prominent cytoskeletal element in the cortical units.
The striated rootlets in Paramecium share visual and structural similarities to the Striated
Microtubule Associated Fibers (SMAFs) in the biflagellate green algae Chlamydomonas
reinhardtii (Lechtrek and Melkonian, 1998). The major structural protein of
Chlamydomonas SMAFs is an approximately 34 kDa protein called SF-Assemblin. SFAssemblin is an α-helical protein with coiled-coil forming ability (Lechtrek and
Melkonian, 1991). It is characterized by a non-helical amino terminal domain, a central
segmented coiled-coil domain and carboxy terminal β-sheets (Weber et al., 1993). A
hypothetical model for SF-Assemblin formation into protofilaments suggests that the SFAssemblin molecules overlap at their N- and C-termini with an axial repeat of 28 nm.
8

The model further suggests that the protofilaments assemble, in a staggered fashion, into
an SMAF (Lechtrek and Melkonian, 1998). Additionally, the Chlamydomonas model
proposes that the filaments on the surface are more weakly associated than those in the
center of the filament. As the filament grows, the pool of polymerizable subunits
becomes depleted and the protofilaments on the surface stop growing while the ones in
the center continue to elongate. This mechanism could account for the tapered distal end
of the SMAFs (Patel et al., 1992).
Paramecium tetraurelia has 27 potential striated rootlet family member genes.
Structural predictions indicate that the majority of the potential striated rootlet proteins
contain conserved SF-Assemblin domains that are predicted to form a central coiled-coil
motif, similar to the Chlamydomonas SF-Assemblin proteins. Furthermore, striated
rootlets in Paramecium, like Chlamydomonas, are narrowly striated with an axial repeat
of approximately 30 nm (Hyams and King, 1985). Paramecium striated rootlets also
have similar solubility properties to Chlamydomonas SMAFs, further illustrating the
homology between these two structures (Hyams and King, 1985; Lechtrek and
Melkonian, 1991).

9

III. Intraflagellar transport and Ciliopathies
Intraflagellar Transport
Cilia are highly conserved organelles that are present in almost all tissues of the
body (Satir and Christensen, 2007). As previously mentioned, cilia grow from base to tip
and their membrane is contiguous with the membrane of the cell. Despite this connection
to the plasma membrane, the protein composition of the ciliary membrane is distinct from
the protein composition of the cell membrane (Rosenbaum and Witman, 2002). The
development and function of these organelles relies on a bidirectional transport
mechanism known as intraflagellar transport (IFT) which was first identified in the green
algae Chlamydomonas reinhardtii (Kozminski et al., 1993). This mechanism utilizes the
microtubule axoneme as a track to move ciliary components from the proximal region to
the distal region of the organelle and back again (Carvalho-Santos et al., 2011). In
general, IFT and cargo movement from the base to the tip (anterograde) is performed by
the kinesins, Kinesin-II and OSM-3, while movement from the tip to the base
(retrograde) is accomplished by Dynein-2 (Davis et al., 2006; Pazour et al., 1999). See
figure 1.9 for a diagram of IFT.
Chlamydomonas mutants have been invaluable in the biochemical
characterization of IFT particles. The particles are divided into two sub-complexes, A
and B, consisting of 6 and 13 components respectively (Cole, 2003a; Cole et al., 1998;
Piperno and Mead, 1997). Sub-complex A consists of IFTs 43, 122A, 122B, 139, 140
and 144. Sub-complex B consists of IFTs 20, 22, 25, 27, 46, 52, 57, 72, 74, 80, 81, 88
and 172 (Hao and Scholey, 2009; Lucker et al., 2010). IFT A is primarily responsible for
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retrograde movement from the ciliary tip to the base and defects in IFT A complex
members generally lead to mild ciliogenesis defects (Blacque et al., 2006; Cole, 2003a;
Cole, 2003b; Hao and Scholey, 2009; Tsao and Gorovsky, 2008). IFT B is primarily
responsible for anterograde movement from the ciliary base to the tip and defects in IFT
B complex components generally lead to severe defects in cilia and conditions called
ciliopathies (Follit et al., 2009; Hao and Scholey, 2009; Pazour et al., 2002; Pedersen and
Rosenbaum, 2008).
IFT sub-complex B component IFT88 has been the focus of a significant amount
of investigation. The IFT88 gene was identified as the Chlamydomonas orthologue of the
gene Tg737 in mice and humans. IFT88 is essential for ciliogenesis and in the absence of
IFT88 Chlamydomonas cell do not assemble flagella (Pazour et al., 2000). Initially it
was believed that the role of IFT88 was limited to ciliogenesis but work performed in
2007 showed that IFT88 was a component of the centrosome and was an integral
regulator of cell cycle progression in HEK293T and HeLa cells (Robert et al., 2007). In
this 2007 study, IFT88 was shown to localize to the proximal region of the centrosome
throughout the cell cycle in non-ciliated cells illustrating a role for IFT88 outside its
established role in IFT (Robert et al., 2007). Furthermore, as a part of IFT complex B
IFT88 has been shown to interact with IFT46 and IFT52 at the core of the complex. It
was proposed that the interaction of these three components formed a scaffold that could
bind multiple IFT complex components as well as IFT associated cargos required for
proper ciliogenesis (Lucker et al., 2010).
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Ciliopathies
Dysfunction of ciliary genes leads to a subset of disorders known as ciliopathies.
Symptoms associated with human ciliopathies include polydactyly, cyst formation in the
liver, kidneys and pancreas, retinal degeneration, encephalocoele, situs inversus and in
certain cases death (Bisgrove and Yost, 2006; Hildebrandt et al., 2011). The spectrum of
ciliopathies includes, but is not limited to, polycystic kidney disease, Bardet-Beidl
syndrome, Joubert syndrome and Meckel-Gruber syndrome.
Polycystic kidney disease (PKD) can present in two different forms both of which
result in the formation of kidney cysts. Autosomal recessive (ARPKD) resulting from
dysfunction of the PKHD1 gene which encodes for the protein fibrocystin while the other
form, autosomal dominant (ADPKD) results from dysfunction of products of the PKD1
and PKD2 genes which encode for polycystin-1 (PC1) and polycystin-2 (PC2) (Onuchic
et al., 2002; Torres and Harris, 2006). PC1 and PC2 are present in the membrane of cilia
and the renal tubules. Polycystin-2 is a non-specific cation channel that functions in
proper ion transport in the kidney epithelial cells. Dysfunction of Polycystin-2 and the
subsequent disruption in ion transport may be instrumental in the development of kidney
cysts in ADPKD (Huang et al., 2007; Yu et al., 2007).
Bardet-Biedl syndrome (BBS) is characterized by obesity, kidney dysfunction,
polydactyly and learning disabilities (Blacque and Leroux, 2006; Katsanis et al., 2001).
It is an autosomal recessive disorder and in humans there are 14 genes associated with
BBS (Sharma et al., 2008). Studies in patients diagnosed with BBS showed mutations in
a group of proteins associated with trafficking and sorting of proteins targeted to the cilia.
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BBS1, BBS2, BBS4, BBS5, BBS7, BBS8 and BBS9 form the ‘BBSome.’ A trafficking
role is supported by the work of Berbari et al. in 2008 who showed that in the absence of
BBSome components BBS3 and BBS4, the G protein coupled somatostatin receptor 3
(SSTR3) was unable to reach the cilium (Berbari et al., 2008). Furthermore, it has been
shown that the BBSome components form an electron dense coat in a fashion resembling
COPI, COPII and clathrin coats. The BBSome coat can then interact with ciliary
targeting signals to direct BBSome specific cargo to the cilium (Jin et al., 2010).
Mutations or depletion of one or more components of the ‘BBSome’ lead to various
phenotypes associated with BBS (Nachury et al., 2007; Valentine et al., 2012).
Joubert-Turner syndrome (JBTS) is characterized by polydactyly, obesity, renal
failure and cerebellar hypoplasia. JBTS is a heterogeneous recessive disorder associated
with eight genes in humans (Braddock et al., 2007). The protein Abelson helper
integration site 1 (Ahi1) is associated with JBTS. This protein is found at the basal body
and may function in Rab8a dependent trafficking to the cilium (Hsiao et al., 2009).
Disruption of this trafficking pathway is believed to lead to the development of JBTS.

IV. Meckel-Gruber Syndrome and MKS Related Genes
The German anatomist Johann Meckel first identified Meckel-Gruber syndrome
(MKS) in 1822. Meckel syndrome is an autosomal recessive disorder that leads to
perinatal death and is characterized by central nervous system malformations, with
occipital meningioencephalocoele, polycystic kidneys, fibrotic changes to the liver,
postnatal polydactyly and situs inversus (Hildebrandt et al., 2011; Salonen and Paavola,
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1998). MKS is a rare disorder with average occurrence rates between 1:13,250 and
1:140,000 (Salonen and Norio, 1984). Meckel syndrome has been reported around the
world and has highest occurrence rates in Finland (1:9000 births), Belgium (1:6000
births), the Middle East and Asia (Alexiev et al., 2006; Chen, 2007; Salonen, 1984;
Salonen and Paavola, 1998). In severe cases of MKS the fetus will not reach term. If a
live birth does occur the fetus will not survive for more than a few hours (Salonen and
Norio, 1984).

MKS Related Genes
The first gene related to MKS to be identified was MKS1. This gene is located on
chromosome 17 at the locus q21-24 (Paavola et al., 1995). MKS1 codes for a 559 amino
acid protein which contains a B9 domain, but lacks any transmembrane regions (Dawe et
al., 2007). As previously mentioned, B9 domain-containing proteins are found in ciliated
cells and are localized to the basal body region. Depletion of MKS1 using small
interfering RNA (siRNA) in HEK293 cells led to cilia that were significantly shorter
when compared to control cilia (Dawe et al., 2007).
The second MKS gene identified was MKS2 (also known as TMEM216) and it
was mapped to chromosome 11 locus q13. Mutations in this gene seemed to be more
prevalent in patients from the Middle East and these patients also presented with severe
cranial abnormalities as an additional symptom (Roume et al., 1998). MKS2 encodes a
148 amino acid protein that localizes to the basal body region and is believed to play a
role in ciliogenesis and centrosome docking (Valente et al., 2010).
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To date, two more B9-domain containing proteins have been identified in the
nematode C. elegans; these proteins are MKS related 1(MKSR1) and MKS related 2
(MKSR2). MKSR1 and 2 are believed to interact and function in ciliogenesis (Bialas et
al., 2009; Williams et al., 2011).

Meckelin (MKS3)
The third MKS gene identified was Meckelin (MKS3). This gene, also known as
TMEM67 in humans, was mapped to chromosome 8, locus q24 (Morgan et al., 2002).
MKS3 encodes a 995 amino acid protein with an expected molecular weight of 110 kDa.
The topology of Meckelin is still under some debate. It is predicted to have three or
seven transmembrane domains, an N-terminal signal peptide and cysteine rich domain
and a C-terminal coiled coil domain (Dawe et al., 2009; Dawe et al., 2007; Smith et al.,
2006).
Meckelin has been shown to interact with MKS1. This interaction is necessary
for centrosome/basal body positioning and subsequent ciliogenesis (Dawe et al., 2007).
MKS3 also interacts with CC2D2A, Tectonic1 (TCTN1), TCTN2, TCTN3, B9D1
(MKSR1) and B9D2 (MKSR2). These proteins are components of both the MKS module
and Tectonic modules, which are found in the transition zone and are essential for proper
ciliary formation and function (Garcia-Gonzalo et al., 2011; Garcia-Gonzalo and Reiter,
2012; Williams et al., 2011).
Further work has shown that MKS3 may interact with proteins outside the
transition zone. The C-terminal domain of MKS3 has been shown to interact with
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nuclear envelope spectrin repeat protein 2 (Nesprin-2) (Dawe et al., 2009). Nesprin-2 is
an actin binding protein believed to function in nuclear positioning and centrosome/basal
body movement (Burakov et al., 2003; Starr and Fischer, 2005). In addition to this,
Meckelin is similar to the Frizzled family of transmembrane Wnt receptors (Smith et al.,
2006). It is therefore possible that Meckelin acts as a non-canonical Wnt receptor to
mediate actin cytoskeletal rearrangements, which are a necessary step for the docking of
the centrosome/basal body at the cell surface (Dawe et al., 2009). A second study
showed that Meckelin also interacts with the actin binding protein Filamin-A (Adams et
al., 2012). Filamins are cytoplasmic actin binding proteins that mediate actin
cytoskeleton positioning (Tu et al., 2003). This further suggests a role for Meckelin in
actin cytoskeleton remodeling and centrosome/basal body docking. Upon depletion of
any of these proteins (Meckelin, Nesprin-2 or Filamin-A), ciliogenesis no longer occurs
(Adams et al., 2012; Dawe et al., 2009). These results indicate the essential role of
Meckelin in centrosome/ basal body migration as well as its role in ciliogenesis and
ciliary maintenance.

V. Experimental Approach
RNA Interference (RNAi)
RNA interference is a powerful tool for post-transcriptional gene silencing in
model organisms such as Cenorhabditis elegans, Paramecium tetraurelia and
Tetrahymena thermophila. RNAi was first described in C. elegans (Fire et al., 1998).

16

Since the description of this technique, it has been widely used in research to determine
the roles of proteins and to clarify cellular pathways.
RNA interference relies on the cell’s intrinsic machinery to deplete the mRNA of
interest. Double stranded RNA (dsRNA) is introduced into the cell activating an RNaseIII like enzyme complex known as DICER. This complex cleaves the long dsRNA into
21-25 nucleotide pieces known as small interfering RNAs (siRNAs). The presence of the
siRNAs in the cell initiates the formation of the RNA induced silencing complex (RISC).
The RISC complex is composed of several components including the protein Argonaute2. Argonaute-2 interacts with the siRNA and directs the complex to the complementary
endogenous RNA. This leads to cleavage of the endogenous mRNA and depletion of the
gene message ultimately resulting in decreased levels of the protein of interest (Liu et al.,
2004).
The specificity of RNAi is dependent on the complementary nature of siRNAs
and the endogenous mRNA. Ideally only the targeted mRNA will be degraded, but
cleavage of similar sequences in other mRNA transcripts, known as an off target effect,
can occur. This must be taken into account when designing RNAi constructs and
interpreting data (Agrawal et al., 2003; Dykxhoorn and Lieberman, 2005).
RNAi can be accomplished in several ways including injection, transfection,
soaking and feeding (Ketting and Plasterk, 2004). In Paramecium RNAi by feeding is
the preferred method due to the cell’s division rate and because paramecia feed on
bacteria (Galvani and Sperling, 2002). The use of an RNase-III deficient cell (Ht115 E.
coli DE3) line allows large amounts of double stranded RNA to be expressed in these
17

bacteria and subsequently ingested by the paramecia. The L4440 vector, which has dual
T7 promotors flanking the insert, is used to generate dsRNA upon induction with
Isopropyl β-D-thiogalactopyranoside (IPTG). The paramecia eat the bacteria and initiate
RNAi using their endogenous RNAi machinery. Between 70 and 80% of cells will show
an RNAi knock down effect when the feeding method is utilized (Galvani and Sperling,
2002).
Exogenous Protein Expression in Paramecium
Exogenously tagged proteins can be expressed in Paramecium by injecting a
linearized version of an expression plasmid vector into the macronucleus. A common
vector used to overexpress proteins is pPXV. This vector contains calmodulin promoters,
Tetrahymena telomeres, multiple restriction endonuclease sites and a 3x-FLAG tag (5’DYKDDDDK-3’) sequence. The calmodulin promoters allow the epitope tagged gene of
interest to be expressed at a high level, while the Tetrahymena telomeres allow the vector
to remain stable and be maintained within the cell. Due to the multiple restriction
endonuclease sites, the FLAG tag can be added to either the N- or C-terminus of the
sequence of interest. Often the tagged protein continues to be expressed for a month or
more. The availability of commercial FLAG antibodies allows the expressed protein to
be localized with both immunofluorescence and Western blots.
One pitfall of microinjection is loss of expression due to autogamy in
Paramecium, which occurs if the cells are not adequately fed. Autogamy is a meiotic
pathway in Paramecium that can be initiated by starvation of the cells. It results in the
break down and subsequent re-formation of the macronucleus (Berger, 1986; Godiska et
18

al., 1987). This could result in the loss of the injected plasmid and the loss of epitope
tagged protein expression.

Experimental Approach
Paramecium is a ciliated unicellular eukaryote that provides an excellent model to
study ciliopathy genes. Work previously done in our lab showed that reduction of MKS3
in Paramecium led to global ciliary loss and basal body row disorganization on the dorsal
surface of the cell (Picariello et al., 2014). Preliminary GST pull-down experiments
coupled to mass spectrometry analysis suggested an interaction between MKS3 and
several striated rootlet components. In this continuing study we use the C-terminus of
MKS3 fused to GST as bait for GST pull down assays (Adams et al., 2012; Dawe et al.,
2009) in an effort to determine potential interacting partners. GST pull-down assays
were preformed from cells expressing FLAG-tagged striated rootlet family members
followed by Western blot analysis. The FLAG-tagged constructs are also localized using
immunofluorescence microscopy. This work will provide a better understanding of
MKS3’s role outside of the transition zone and could begin to clarify potential
interactions of MKS3 with cytoskeletal elements in the basal body region.
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Figure 1.1: Scanning Electron Micrograph Of Paramecium tetraurelia
This image is a scanning electron micrograph of the ventral surface of Paramecium. The
cell is completely ciliated with clearly visible metachronal waves of cilia (Image courtesy
of Dr. Judith Van Houten).
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Figure 1.2: Cortical Units On The Surface Of Paramecia
Hexagonal cortical units cover the surface of the cell. A raised cortical ridge surrounds
each unit; at the center of the unit is one or two basal bodies from which a single cilium
will arise (Image courtesy of Dr. Judith Van Houten).
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Figure 1.3: Macronuclear Morphology During Division Stages In Paramecium
As the cell prepares to divide, the macronucleus undergoes significant conformational
changes. Early in division at stage 1 the macronucleus is centrally located with an oval
shape. As the cell progresses through division, the macronucleus begins to migrate to the
anterior of the cell and elongate along the dorsal surface of the cell (stages 2 and 3). By
stage 4 the macronucleus has completely elongated and at this time the fission furrow
begins to form. As division progresses, the macronucleus is divided in half (stage 5 and
6) with each half forming a new macronucleus in a new daughter cell (post fission)
(Reproduced from the Journal of Cell Science with permission from the Company of
Biologists, Ltd.).
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Figure 1.4: Basal Body And Ciliary Axoneme Cross-Sections
Part A shows a cross section through the basal body with A, B and C microtubules. The
microtubules are organized in the stereotypical cartwheel pattern. Part B depicts a cross
section through a cilium with the 9+2 arrangement of axonemal microtubules. Part C
depicts a cross section through the axoneme of a 9+0 cilium. The basal body patterns the
structure of the axoneme however in the axoneme itself the C microtubules are lost (see
Part B and C) (Image credit: Tyler Picariello).
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Figure 1.5: Protein Complexes Present In The Ciliary Transition Zone

Figure 2. Organizational chart of transition zone (TZ) functional modules. Rpgrip1L/Nphp8 localizes independently and influences proper TZ localization of the NPHP1-4 and
MKS/B9 complexes. The localization may be direct or through a cascade of consecutive localization and complex organization events. Within the MKS/B9 module, Mks1,
Tmem216 and Tmem67, which are consistently associated with severe pathologies in humans, appear at the bottom of the localization hierarchy. Cep290 was considered
the core of its own NPHP5-6 network in one study [15], but part of an MKS-like complex in another [11]. The inversin compartment is highly dynamic and spans a long
stretch of ciliary axoneme from the basal body into the distal cilium proper. Through its localization and its interactions with members of all protein modules, it may serve
as a bridge and contribute to multiple distinct signaling processes. Proteins within one module are highlighted by the same shape and color. Brighter color indicates more
frequent association with severe disease. Higher position within one group and red arrows indicate intracomplex localization hierarchy. Black dotted arrows indicate
physical interactions across modules. Note that not all depicted proteins are exclusively located in the TZ, but may also be found at the basal body (Rpgrip1L, B9D1, Cc2d2a,
Tmem216, Cep290, Nphp5, inversin) or in the proximal doublet zone of the cilium proper (inversin, Nphp3, Nek8, Tmem67, Tctn-2, Tctn-3).

This figure depicts the organization of the functional modules and the components of
those modules in the transition zone. The red arrows indicate the organizational
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(D1-D8) of division and the state of just separated young dividers (YD). The time lapse from stages Dl to YD was
recalculated from data of Tucker et al. (1980). The lower series of schemes represent the progression, from stages Dl to YD
on ventral (b-e) and dorsal (b'-e') faces, of the reorganization of the different studied structures. This progression was
established from pictures like those presented in Figs 7-11 and is outlined by two types of superimposed shadings which
correspond, respectively, to the two steps of the reorganization (e.g. first and second wave of basal body duplication,
regression and regrowth of the kinetodesmal fibres etc, as indicated on the schemes and detailed in the text). On the dorsal
faces, the position of the contractile vacuole pores, duplicated before mitosis, is indicated. * In this zone, the long
kinetodesmal fibres are seen to shorten markedly but not to disappear before regrowing.

Figure 1.6: Progression Of The Basal Body Duplication Waves Across The Dorsal
Surface Of Paramecium
The first wave of basal body duplication is shown in light grey and contains two rounds
of basal body duplication. It progresses outwards from the area of the fission furrow
towards the anterior and posterior pole of the cell. Each round adds one basal body to
duplicating cortical units. As the first wave nears completion, a second wave begins in a
similar region near the fission furrow (depicted in black) but remains localized to distinct
regions in the anterior and posterior daughter cells. The second wave reconstitutes two
basal body units in these specific areas as well as in certain units across the dorsal
surface. (Reproduced from Development with Permission from the Company of
Biologists, Ltd).
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Figure 1.7: Cortical Cytoskeleton In Paramecium
This figure depicts the major components of the cortical cytoskeleton in Paramecium. In
red the basal bodies sit at the center of the cortical units. In single basal body units
(posterior in this diagram) the basal body has a full complement of rootlets that project at
stereotypical angles. In light green, the transverse microtubule projects laterally from the
basal body while the post-ciliary microtubule (orange) projects towards the posterior of
the cell. The striated rootlet (black) projects anteriorly from the basal body. In two basal
body units (anterior in this diagram) only the posterior of the two basal bodies has a full
complement of rootlets. The anterior basal body of the pair has only the transverse
microtubule (light green). Depicted in dark green are the epiplasmic scales associated
with each cortical unit. The epiplasmic scales contact the distal end of the basal body and
may help to stabilize its orientation (Aubusson-Fleury et al., 2013) (Image credit: Tyler
Picariello).
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Figure 1.9: Intraflagellar Transport
Anterograde intraflagellar transport is accomplished through the action Kinesin-II and
OSM-III. Anterograde IFT particles move along the axoneme from the base to the tip of
the cilium at approximately 0.7 µm/s. Retrograde IFT is accomplished through the action
of Dynein-2. Retrograde IFT particles move along the axoneme from the tip to the cilium
to the base at a velocity of approximately 5 µm/s (Buisson et al., 2013; Hao and Scholey,
2009). Anterograde IFT acts to deliver proteins to the ciliary compartment while
retrograde IFT functions in recycling or removal of proteins from the cilium (Image
Credit: Tyler Picariello).
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Abstract
Background
Meckelin (MKS3), a conserved protein linked to Meckel Syndrome, assists in the
migration of centrioles to the cell surface for ciliogenesis. We explored for additional
functions of MKS3p using RNA interference (RNAi) and expression of FLAG epitope
tagged protein in the ciliated protozoan Paramecium tetraurelia. This cell has a highly
organized cell surface with thousands of cilia and basal bodies that are grouped into one
or two basal body units delineated by ridges. The highly systematized nature of the P.
tetraurelia cell surface provides a research model of MKS and other ciliopathies where
changes in ciliary structure, subcellular organization and overall arrangement of the cell
surface can be easily observed. We used cells reduced in IFT88 for comparison, as the
involvement of this gene’s product with cilia maintenance and growth is well understood.
Results
FLAG-MKS3p was found above the plane of the distal basal body in the
transition zone. Approximately 95% of those basal bodies observed had staining for
FLAG-MKS3. The RNAi phenotype for MKS3 depleted cells included global shortening
and loss of cilia. Basal body structure appeared unaffected. On the dorsal surface, the
basal bodies and their associated rootlets appeared rotated out of alignment from the
normal anterior-posterior rows. Likewise, cortical units were abnormal in shape and out
of alignment from normal rows. A GST pull down using the MKS3 coiled-coil domain
suggests previously unidentified interacting partners.
Conclusions.
Reduction of MKS3p shows that this protein affects development and
maintenance of cilia over the entire cell surface. Reduction of MKS3p is most visible on
the dorsal surface. The anterior basal body is attached to and moves along the striated
rootlet of the posterior basal body in preparation for duplication. We propose that with
reduced MKS3p, this attachment and guidance of the basal body is lost. The basal body
veers off course, causing basal body rows to be misaligned and units to be misshapen.
Rootlets form normally on these misaligned basal bodies but are rotated out of their
correct orientation. Our hypothesis is further supported by the identification of novel
interacting partners of MKS3p including a kinetodesmal fiber protein, KdB2.
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Background
Ciliopathies are human disorders caused by abnormalities in the assembly,
maintenance, or function of cilia and include developmental defects leading to cystic
kidneys, vision problems, polydactyly, obesity, encephalocele, and even death (reviewed
in (D'Angelo and Franco, 2009)). In order to improve our understanding of the wide
array of cellular processes affected in these disorders, the function and involvement of the
genes and gene products involved in ciliopathies should be defined (Pazour et al., 2000b;
Pedersen and Rosenbaum, 2008a; Sharma et al., 2008a). Toward this end, we have
investigated the protein Meckelin (MKS3) in Paramecium tetraurelia, a multi-ciliated
cell.
MKS3 is one of at least three genes commonly associated with the ciliopathy
Meckel Syndrome (MKS), and has been found to be dysfunctional in other ciliopathy
syndromes including Bardet-Biedl (Leitch et al., 2008b), COACH (Brancati et al., 2009b;
Gleeson et al., 2004) and Joubert (Baala et al., 2007). The three most common
characteristics of MKS are renal dysplasia, encephalocele, and polydactyly (Salonen and
Norio, 1984a; Salonen and Paavola, 1998b). The MKS disease is autosomal recessive
and has high occurrence rates in Finland, the Middle East, North Africa, and Asia (Chen,
2007b; Holmes et al., 1976; Salonen and Norio, 1984a; Salonen and Paavola, 1998b).
Recently it was shown that MKS3 is a component of a multi-protein complex that
contributes to the function of the transition zone to separate the ciliary compartment from
the rest of the cell (Williams et al., 2011b). Other cellular disruptions caused by a
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reduction of MKS3 have not been closely examined, such as changes in the sub-surface
scaffolding or in cell surface polarity and surface organization.
P. tetraurelia have large numbers of cilia and basal bodies arranged in polarized
rows of hexagonal cortical units whose shape is created by a ridge of surface membrane
covering an outer lattice. Each cortical unit contains one or two basal bodies. There is
one cilium in each of these polarized cortical units (even in units with two basal bodies)
as well as one parasomal sac (site of endo- and exo- cytosis) (Allen and Fok, 1980b;
Flotenmeyer et al., 1999; Plattner and Kissmehl, 2003b), and secretory vesicles
(trichocysts) at the apex of the ridges (Allen, 1971b; Iftode, 1989; Sonneborn, 1970).
Basal bodies have rootlets emanating from them in a stereotypical orientation relative to
the anterior-posterior axis of the cell. The rootlets most likely help secure basal bodies
and distribute the forces generated by the beating cilia (Iftode, 1996; Iftode and FleuryAubusson, 2003a). In units with one basal body, there is a striated rootlet coursing
anteriorly, and a transverse and post ciliary rootlet projecting at 5 and 7 o’ clock,
respectively. In units with two basal bodies, the posterior basal body has a cilium and all
three rootlets while the anterior basal body has no cilium and only a transverse
microtubule (Iftode et al., 1989a; Iftode and Fleury-Aubusson, 2003a).
The division process in Paramecium is complex and begins with basal body
duplication. As the cell elongates, it accommodates for new basal bodies and cilia. The
organization of the cortical units and their contents are determined by the “old” already
existing units (Beisson and Sonneborn, 1965). Disrupting this organization or
development of these cortical units causes growth arrest and even cell death (Iftode,
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1989; Ruiz, 1999; Ruiz et al., 2005). It is this highly repetitive patterned surface
organization that allows identification of subtle changes in ciliary and surface
organization in P. tetraurelia.
The results of epitope tagging and RNA interference (RNAi) to perturb the
ciliopathy protein MKS3 in Paramecium tetraurelia presented here suggest previously
unidentified roles for this protein in maintaining the cell and ciliary membrane surface
and cytoskeletal organization. Tagged MKS3 protein is consistently found above the
plane of the basal body, in the transition zone of Paramecium, which spans from the
proximal surface of the epiplasm to the ciliary necklace (Aubusson-Fleury et al., 2012a;
Dute and Kung, 1978). Dawe and others (Dawe et al., 2007b) have published
observations of short and missing cilia upon reduction of MKS3 mRNA levels in
mammalian cells, similar to our findings of short and missing cilia with RNAi. Our study
shows new findings, most notably that reduction of MKS3 causes misalignment of
longitudinal rows of basal bodies, rotation of the orientation of basal bodies with their
microtubule rootlets, and distortion of the cell and ciliary surfaces. We also have
evidence of new potential interacting partners of MKS3 relevant to these microtubule
rootlets, suggesting important interactions of MKS3 with these structures. The depletion
of Intraflagellar Transport 88 (IFT88) mRNA, used as a control to observe global ciliary
loss, causes short and missing cilia but does not cause disarray of basal body rows or of
the cell surface. We propose that MKS3p in Paramecium acts as a transient guide in the
movement of basal bodies prior to duplication through an interaction with the
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microtubule rootlet system and that its localization at the base of the cilium is consistent
with an involvement at the transition zone as a filter.
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Materials and Methods
Stocks, Cultures and Chemicals
Cells (Paramecium tetraurelia; 51-s, sensitive to killer) were grown in wheat
grass medium inoculated with Klebsiella pneumoniae or Aerobacter aerogenes (adapted
from (Sasner, 1989)).

All chemicals were from Sigma-Aldrich (St. Louis, MO, USA)

unless otherwise noted.

Sequence Analysis and RNAi Construct Design
BLAST searches in the Paramecium Annotated Genome were completed using
the human sequence for TMEM67 (Q5HYA8) for MKS3 and the human IFT88
(NP_783195) and Mouse Tg737 (NP_033402) sequences for IFT88 orthologs. Searches
identified GSPATG00015939001 as a potential ortholog for MKS3, which was used to
create the RNAi construct. Five potential orthologs (GSPATG00038505001,
GSPATG00021390001, GSPATG00011771001, GSPATG00022644001, and
GSPATG00039556001) were identified for IFT88. The construct to target IFT88 mRNA
was designed from GSPATG00038505001. Homology of these genes to those in other
organisms can be seen in Supplemental Tables 1 and 2.
All constructs were created from genomic DNA, which was collected using
organic extraction. Briefly, 100 µL of cells were mixed 1:1 with Denaturing Buffer
(Promega, Madison, WI, USA), mixed 1:1 with phenol:chloroform:isoamyl alcohol
(25:24:1), and centrifuged for 5 minutes at 12,000 x g (Eppendorf Centrifuge 5424,
Hauppauge, NY, USA). The aqueous phase was removed, and mixed 1:1 with
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chloroform:isoamyl alcohol (24:1) and spun again. The DNA was precipitated 2:1 with
cold isopropanol for 20 min at -20°C and spun for 10 minutes at 4°C (Eppendorf
Centrifuge 5424, Hauppauge, NY, USA). Pellets were rinsed twice with 75% ethanol,
dried, and resuspended in water.

FLAG-tag of MKS3
To localize MKS3p, we added the coding sequence for a three-fold repeated
FLAG (DYKDDDDK) sequence to the 5’ end of the genomic DNA sequence for
GSPATG00015939001 in the pPXV plasmid using the restriction enzymes Apa I and Sac
I (USB/Affymetrix, Cleveland, OH, USA). These cut sites were created using large
primers to add them to either end of the sequence: forward (5’- gcggggcccatgctaatttatatcg
-3’) and reverse (5’- cgcgagctctcatattagaaaccttttgtc -3’). Platinum®Pfx Polymerase
(Invitrogen/Life Technologies, Grand Island, NY, USA) was used per the vendor’s
instructions to amplify the sequence. A total of 75 ng of genomic DNA was used in each
PCR reaction: 94°C for five minutes; 5 cycles of 94°C for 1 minute, 40°C for 1 minute,
68°C for 3 minutes; 5 cycles of 94°C for 1 minute, 48°C for 1 minute, 68°C for 3
minutes; 10 cycles of 94°C for 1 minute, 58°C for 1 minute, 68°C for 3 minutes; 17
cycles of 94°C for 1 minute, 65°C for 1 minute, 68°C for 3 minutes; once cycle of 68°C
for 15 minutes (Techne TC-4000 Thermal Cycler, Krackeler Scientific, Albany, NY,
USA). The products were cleaned using the PrepEasy™ Gel Extraction kit (Affymetrix,
Cleveland, OH, USA). The resulting DNA was treated with restriction enzymes, cleaned
again using the PrepEasy™ Gel Extraction kit and ligated into the pPXV-5’-3xFLAG
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plasmid using the Ligate-IT™ kit (Affymetrix). The mixture was then transformed into
OneShot® competent cells (Invitrogen/Life technologies, Grand Island, NY, USA) and
the resulting colonies were screened for positives. Positive clones were sequenced at the
Vermont Cancer Center DNA Analysis Facility (University of Vermont, Burlington, VT).

Plasmid Injection
Approximately 200 µg of pPXV-3xFLAG-MKS3 was linearized with Not I
(Affymetrix) overnight at 37°C and then cleaned using an organic extraction method
modified from that described earlier. This procedure required 2 washes in
phenol:chloroform:isoamyl alcohol (25:24:1) followed by 2 washes of
chloroform:isoamyl alcohol (24:1). The final pellet was resuspended in 50 µL of MilliQ
water and the concentration was checked using a spectrophotometer (Agilent
Technologies, Santa Clara, CA, USA). The sample was spun at 16,000 x g (Eppendorf
Centrifuge 5424) for 10 minutes to pellet debris. The top 45 µL was carefully removed
and placed in a fresh RNase/DNase-free 1.5 mL Eppendorf tube and was again dried in a
speed vac. The final pellet was resuspended in MilliQ water to obtain a concentration
between 3 and 9 µg/µL and stored at 4°C until injection.
Approximately 20 cells which had recently undergone autogamy were placed
under high temperature silicon oil to immobilize them. Approximately 5 to 50 pg of the
plasmid was injected into the macronucleus of each cell using a pulled capillary and a
Narishige micromanipulator (Narishige International USA, Inc., East Meadow, NY,
USA). Individual injected cells were transferred to 750 µL of inoculated culture fluid in
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depression slides and incubated in a humidifying chamber at RT for two days, allowing
the cells to recover and divide. Cells were then transferred to test tubes with inoculated
culture fluid and maintained at 15°C as individual clones. Genomic DNA was extracted
from the clone cultures as described previously (see Sequence analysis and Construct
design) and tested with PCR using plasmid-specific primers: the forward primer for the
plasmid pPXV (5’- taagatgaatggaatataatg -3’) and a reverse primer (5’gaaaacccaagccaatcaatac – 3’), which was sequence-specific for MKS3. One µL
(approximately 400 ng) of DNA was used in each PCR reaction: one cycle of 95°C for 5
minutes followed by 30 cycles of 95°C for 1 minute, 40°C for 1 minute, and 72°C for 3
minutes, followed by one last 15 minute cycle at 72°C.

Localization, Visualization, and Analysis of FLAG-MKS3p
We tested small cultures of individual clones to ascertain whether the cells
expressed the protein and where it was localized. A 10 mL culture of injected cells was
added to 50 mL of inoculated culture fluid and grown at 22°C for approximately 48 to 72
h. The cells were immunostained and imaged as described below. Images were
analyzed for colocalization using SoftWoRx™ Pro software (Applied Precision,
Issaquah, WA, USA). Experiments were repeated 5 times.
To isolate pellicle membrane and whole cilia membrane, wild type (51-S) cells
expressing FLAG (control) or FLAG-MKS3 (Test) were maintained in large culture (3 to
6 L of culture fluid) at 22°C until at a density of 8,000 to 12,000 cells per mL. For
pellicle membrane, cells were harvested as described in (Wright and van Houten, 1990).
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In separate experiments, cilia were separated from cell bodies and collected as described
in (Adoutte et al., 1980) up to the point of separation of the ciliary membrane from the
axoneme. Protein concentrations were determined using a BCA Protein Assay (Thermo
Scientific, Rockford, IL, USA) and equalized between the test and control. Samples were
separated on a 12% SDS-PAGE gel after adding 1 µL B-Mercaptoethanol and boiling for
5 minutes. One hundred µg of pure pellicle membrane and 400 µg of whole cilia were
loaded along with 10 µL Pierce 3-color prestained protein molecular weight marker
(Thermo Scientific). Proteins were transferred onto nitrocellulose membrane (Pall
Gelman Corp., Krackeler Scientific, Albany, NY, USA) and blocked for one hour using
5% non-fat dry milk, 2% Telost gelatin from fish, 3% Normal Goat serum (Vector Labs,
Burlingame, CA, USA), in TBS-T (15 mM Tris-Cl, 140 mM NaCl, 0.1% v/v Tween-20,
pH 7.5). Blots were probed with a 1:2500 dilution of rabbit Anti-FLAG M2 clone or
1:10,000 mouse Anti-Tubulin in the blocking buffer. Blots were incubated overnight
while rocking at 4°C. Buffers were removed, the blots rinsed three times in TBS-T and
then incubated for 1 h in 1:10,000 goat Anti-rabbit or Anti-mouse AP-conjugate
secondary antibody. Blots were rinsed again four times in TBS-T, 15 minutes each wash,
and developed using NBT/BCIP Alkaline Phosphatase (Moss, Inc., Pasadena, MD,
USA).

RNAi by feeding construct
Constructs for RNAi were created from genomic DNA using the following
primers: MKS3 forward, 5’- gaaaacccaagccaatcaatac -3’ and reverse, 5’39

ggtcgacaatctgaaggataag -3’; IFT88 forward, 5’- caattaaggaaaaccacctg-3’ and reverse, 5’aaaactaacaggattgtcatct-3’. All PCR conditions began with an initial step at 95°C for 5
minutes and ended with a final stage of 72°C for 20 minutes. The MKS3 RNAi construct
was amplified by 30 cycles of 95°C for 1 minute, 52°C for 1 minute, and 72°C for 2
minutes. The IFT88 construct was amplified by 5 cycles of 95°C for 1 minute, 47°C for
1 minute, and 72°C for 2.25 minutes; followed by 25 cycles of 95°C for 1 minute, 50°C
for 1 minute, and 72°C for 2.25 minutes (Techne Thermal Cycler). The final PCR
products were analyzed on a 0.75 or 1.0 % agarose gel (Invitrogen/Life Technologies,
Grand Island, NY, USA) and visualized with ethidium bromide. Resulting PCR products
were cloned directly into pCR®2.1-TOPO® vector (Invitrogen/Life Technologies),
transformed into OneShot® cells (Invitrogen/Life Technologies), and sequenced. Correct
sequences were cut from the pCR®2.1-TOPO® vector and ligated into the double-T7
promoter vector L4440 (AddGene, Cambridge, MA, USA) using the Ligate-IT™ Kit
(USB/Affymetrix, Cleveland, OH, USA), as per the kit instructions. Escherichia coli
strain Ht115 (DE3), which lacks RNase-III, were transformed with 50 ng of plasmid
DNA for either MKS3 or IFT88. As a control, Ht115 cells were transformed with L4440
with no insert. Bacterial cultures were maintained with tetracycline (12.5 µg/mL) and
ampicillin (AMP) (100 µg/mL).

RNAi by Feeding
Overnight cultures of Ht115(DE3) transformed with RNAi or control plasmids
were used to inoculate 50 mL of LB-AMP (100 µg/mL) and grown until the O.D.595
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reached 0.3 to 0.4, at which point, IPTG (Isopropyl β-D-1-thiogalactopyranoside) (RPI,
Corp., Mount Prospect, IL, USA) was added to a final concentration of 0.125 mg/mL.
Cultures were incubated with shaking for 3 h at 37oC to induce the production of doublestrand RNA. Paramecia that had recently undergone autogamy were collected by
centrifugation and resuspended in 10 mL of Dryl’s solution (1 mM Na2HPO4, 1 mM
NaH2PO4, 1.5 mM CaCl2, 2 mM Na-citrate, pH 6.8) to purge bacteria from their surface
and food vacuoles.
The induced bacteria were collected by centrifugation at 4,000 x g (Beckman J221 centrifuge, JA-14 rotor, Beckman Coulter, Brea, CA, USA) at 4°C and resuspended in
100 mL of wheat culture medium containing an additional 8 µg/mL stigmasterol, 0.125
mg/mL IPTG (RPI, Corp.), and 100 µg/mL AMP. Approximately 50 to 100 of the
purged paramecia were added to the control culture. In the case of the MKS3 and IFT88
RNAi cultures, 4000 and 8000 cells were added to 100 mL, respectively. Cultures were
maintained at 28°C, and after 24 h, an additional 0.125 mg/mL of IPTG (RPI, Corp.) and
800 µg of stigmasterol were added. Growth rates of cultures were determined by
counting cells at 24, 48, and 72 h of growth. All experiments were repeated a minimum
of three time and all cultures were harvested or observed after approximately 72 h of
growth, unless noted.

Immunofluorescence
100 mL of cultured cells were collected by centrifugation (IEC clinical centrifuge,
Damon/IEC Division, Needham Heights, MA, USA) and rinsed twice in 100 mL of
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Dryl’s solution. The cell volume was reduced to approximately 100 µL in a 1.5 mL
Eppendorf tube before 1 mL of PHEM buffer [60 mM PIPES (1,4Piperazinediethanesulfonic acid), 25 mM HEPES (2-[4-(2-hydroxyethyl)piperazin-1-yl]
ethanesulfonic acid), 2 mM MgCl2, 10 mM EGTA (ethylene glycol tetraacetic acid), and
0.1% or 0.5% Triton X-100) was added. Cells sat undisturbed for 1 to 4 minutes, spun at
250 x g (IEC Clinical centrifuge), the supernatant was removed and the pellet (cells) was
mixed with 1 mL of Fixation buffer [2% or 4% paraformaldehyde (Electron Microscopy
Sciences, Hatfield, PA, USA), 2 mM NaH2PO4·H2O, 8 mM Na2HPO4, 150 mM NaCl, pH
7.5]. Samples were undisturbed for 10 minutes or rocked for 1 h at RT and washed three
times in 1 mL of Blocking Buffer (2 mM NaH2PO4·H2O, 8 mM Na2HPO4, 150 mM
NaCl, 10 mM EGTA, 2 mM MgCl2, 0.1% Tween-20, 1% or 3% BSA, pH 7.5).
Primary antibodies for the immunostaining for localization were: FLAG-MKS3:
mouse Anti-FLAG, M2 clone at a 1:300 dilution (Sigma), Anti-centrin at a 1:1000
dilution (Anti-Tetrahymena centrin, gift from Dr. Mark Winey, University of Colorado,
Boulder, CO). For ciliary measurements we used mouse Anti-alpha-tubulin at a dilution
of 1:200 (Sigma). For visualization of basal bodies we used Anti-centrin at a dilution of
1:1000. For cortical unit visualization we used Anti-2F12 at a dilution of 1:200 (Gift, Dr.
Jean Cohen, Gif-sur-Yvette, France). For the visualization of the kinetodesmal fibers, we
used Anti-KDF at a 1:400 dilution (gift from Dr. Janine Beisson, Centre de Génétique
Moléculaire, Gif-sur-Yvette, France) and Anti-Glu-α-Tubulin at a 1:500 dilution
(Synaptic Systems, Goettingen, Germany). Primary antibodies in 100 µL of blocking
buffer were mixed with the cells and rocked at RT for 1 h. Cells were washed three times
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in blocking buffer or Wash buffer (2 mM NaH2PO4·H2O, 8 mM Na2HPO4, 150 mM
NaCl, 0.1% Tween-20, 1% BSA, pH 7.5). The cells were mixed with 100 µL of blocking
buffer with a 1:200 dilution of secondary antibodies. Secondary antibodies (Molecular
Probes/Invitrogen, Grand Island, NY, USA) included: AlexaFluor® goat anti-mouse 488
or 555 and AlexaFluor® goat anti-rabbit 488 or 568. After 30 minutes to 1 h of
incubation while rocking, cells were washed three to five times with blocking or wash
buffer and, to the final 20 µL of cells, one drop (~15 µL) of VectaShield® (Vector Labs,
Burlingame, CA, USA) was added. Tubes were wrapped in aluminum foil and stored at
4°C until use.
Imaging of the immunostained cells was done using a DeltaVision® Restoration
Microscopy System (Applied Precision, Issaquah, WA, USA) consisting of an inverted
Olympus IX70 microscope and a Kodak CH350E camera. Seven µL of prepared cells
were placed under a glass coverslip and imaged at 20-22°C using either a PlanApo 60x or
100x /1.40 oil-immersion objective and deconvolved and analyzed using SoftWoRx®
Pro software (Applied Precision).
Co-localization of FLAG-MKS3 and Centrin (basal bodies) was analyzed using
SoftWoRx® Pro software or ImageJ (Rasband, 1997-2009). Eleven cells were analyzed
for the co-localization of these two proteins. To examine the staining patterns and
calculate the number of basal bodies with FLAG-MKS3 staining, 15 µm x 15 µm grids
were chosen from both the ventral and the dorsal surface of each of three cells. Basal
bodies within that grid were counted and noted whether they had FLAG-MKS3 staining.
A total of 463 basal bodies were analyzed on these three cells.
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Scanning Electron Microscopy (SEM)
200 mL of RNAi cultured cells were collected by brief centrifugation at 800 x g
(IEC Clinical centrifuge, Damen Division, Needham Heights, MA, USA), washed twice
in Dryl’s solution, and fixed as described in Lieberman et al. (Lieberman et al., 1988).
After critical point drying, cover slips were glued onto an aluminum chuck using
colloidal graphite cement and allowed to dry in a desiccator overnight. The samples were
sputter coated and stored in a desiccator until imaged using a JEOL 6060 Scanning
Electron Microscope (JEOL USA, Peabody, MA, USA).

Transmission EM
100 mL of RNAi cultured cells were collected by brief centrifugation at 800 x g
(IEC Clinical Centrifuge), washed twice in 100 mL Dryl's, and approximately 100 µL of
the cell pellet was removed and placed in 1.5 mL Eppendorf tubes. One mL of Fixation
Solution A (1% gluteraldehyde (Electron Microscopy Sciences, Hatfield, PA, USA),
0.05M sodium cacodylate, pH 7.2) was added, rocked for 30 minutes on ice, and washed
three times for 10 minutes under the same conditions. Cells were resuspended in post-fix
Solution B (1% gluteraldehyde (Electron Microscopy Sciences), 0.05M sodium
cacodylate buffer, 1% osmium tetroxide, pH 7.2) and again washed and rinsed as
described. Cells were pre-embedded in 2% agarose (Invitrogen/Life Technologies) in
0.05M sodium cacodylate buffer, allowed to set, then sliced into 1 mm x 1 mm blocks.
Blocks were placed in glass vials with 50% ethanol and rocked on a specimen rotator for
30 minutes during each of the following washes: 50% ethanol, 70%, 90%, two times with
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100%, the two washes in propylene oxide. Cells were left overnight on specimen rotator
in 1:1 propylene oxide and Spurr’s solution (Electron Microscopy Sciences). The next
day, samples were placed in fresh Spurr’s (Electron Microscopy Sciences) for 6 h, and
placed in flat embedding molds with fresh Spurr’s (Electron Microscopy Sciences) at
60°C for 48 h. Sections were cut to 90 nm thick, placed on copper 200 mesh grids,
contrasted on droplets of 2% Uranyl acetate in 50% ethanol for 6 minutes followed by
lead citrate (120 mM sodium citrate, 2.66% lead nitrate and 0.65 % sodium hydroxide in
water) for 4 minutes. Sections were imaged using a JEOL JEM-1210 Electron
microscope. These studies were repeated 3 times.

GST Pull Down and Mass Spectrometry Analysis
The coiled-coil domain of MKS3 was expressed with a GST tag for use in a GST
pull down. The construct was created by amplifying position +2183 to +2273 of
GSPATG00015939001 using the following forward and reverse primers, respectively: 5’gcgggatccatgaattttgtcgatctc-3’ and 5’-gcggaattctgatggattttctccatg-3’. The PCR product
was treated with BamHI and EcoRI (New England Biolabs, Ipswich, MA, USA), cleaned
using gel purification and the PrepEasy™ Gel Extraction Kit (Affymetrix, Santa Clara,
CA, USA), then ligated into pGEX-2TK (GE Healthcare Life Sciences) using the LigateIT™ kit (Affymetrix). The pGEX-2TK plasmid had already been opened using the same
restriction enzymes, treated with 1U of calf-intestinal alkaline phosphatase at 37°C for 5
minutes to remove the phosphate groups followed by heat-inactivation with 5 mM
Na2EDTA at 72°C for 20 minutes. The GST-MKS3 coiled-coil domain and GST were
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expressed in BL-21 cells and bound to glutathione sepharose beads (GE Healthcare Life
Sciences, Pittsburg, PA, USA) as described in (Saha et al., 2012). After beads were
collected from bacterial cell lysates, they were washed in a 1 M MgCl2 buffer to remove
bacterial proteins from the GST and GST-MKS3 proteins. Protein-bound beads were
stored at 4°C in PBS buffer for up to 2 weeks.
51-s Paramecium tetraurelia were cultured and harvested as described in
(Valentine, 2012) for whole cell extract (WCE). Glutathione sepharose beads (GE
Healthcare Life Sciences) were prepared by washing three times in LAP200 (50 mM
HEPES, 200 mM KCl, 1 mM EGTA, 1 mM MgCl2, pH=7.4) buffer with 1% Triton X100. 200 µL of washed beads were added to 20 ml WCE. This pre-cleared WCE was
then split in half and incubated with 200 µL of glutathione sepharose beads attached to
either GST or GST-MKS3. Beads in the supernatant were allowed to rock on ice at 4°C
for 1 h. Control and test beads were recovered and washed 3x in LAP200 buffer with 1%
Triton X-100. Samples were run on a 7-14% gradient acrylamide gel, silver stained and
gel slices were trypsin digested as described in (Valentine, 2012).
Samples were analyzed by LC-MS/MS on a linear ion trap (LTQ) Mass
Spectrometer (Thermo Fisher). Half the material was loaded onto a 100 um x 120 mm
capillary column packed with MAGIC C18 (5 um particle size, 20 nm pore size,
Michrom Bioresources, CA) at a flow rate of 500 nL/min. Peptides were separated by a
gradient of 5-35% CH3CN/ 0.1% formic acid over 30 minutes, 40-100% CH3CN /0.1%
formic acid in 1 minute, and 100% CH3CN for 10 minutes.
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Product ion spectra were searched using the SEQUEST search engine on Proteome
Discoverer 1.4 (Thermo Fisher Scientific, MA) against a curated Paramecium tetraurelia
database with sequences in forward and reverse orientations. The 13 raw files from
“control” and the 13 raw files from “test” samples were searched as one contiguous input
file and a single result file was generated for each. The database was indexed to allow for
full trypsin enzymatic activity, two missed cleavages, and peptides between the MW of
350-5000. Search parameters set the mass tolerance at 2 Da for precursor ions and 0.8 Da
for fragment ions. The result files were then searched against the Scaffold software 4.0.5
(Proteome Software, OR). Cross-correlation (Xcorr) significance filters were applied to
limit the false positive rates to less than 1% in both data sets. The Xcorr values were as
follows: (+1): 1.8, (+2): 2.7, (+3): 3.3, (+4): 3.5. Other filters applied were a minimum
peptide cutoff of 2 as well as DeltaCN >0.1. Ultimately, the confidence parameters
resulted in 1.0% false discovery rate (FDR) at the protein and peptide level for both the
control and test results.
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Results
Sequence Analysis
The sequence for MKS3 in Paramecium (GSPATG00015939001, 4e-57, 23%
identity) was found using the human sequence for TMEM67 (Q5HYA8) and the
annotated Paramecium genome (ParameciumDB, http://paramecium.cgm.cnrs-gif.fr/).
Paramecium MKS3 (TMEM67) codes for 2906 nucleic acids and 951 amino acids. The
RNAi construct design for Paramecium MKS3 comprises bases from position +1101 to
+2019.
Five potential homologues for IFT88 were found using the human IFT88
(NP_783195) and mouse Tg737 (NP_033402) sequences. The best match was
GSPATP00038505001 (e-146, 38% identity), which codes for 2341 nucleic acids, and 743
amino acids. The RNAi construct for Paramecium IFT88 spans position +48 to +2121.
Using a feature of ParameciumDB to identify potential off-target effects (Li and Durbin,
2009), we found that the MKS3 RNAi plasmid will target only GSPATG00015939001,
while the RNAi plasmid for IFT88 will target all five homologues, but no other gene
sequences outside this gene family. Included in the supplemental material are tables
comparing Paramecium IFT88 and MKS3 (supplemental tables 1 and 2) with sequences
from other organisms. To further document the conservation of these proteins in
Paramecium, amino acid alignments of full length and conserved regions in each protein
have also been included in Supplemental Figures 1 and 2.

48

FLAG-MKS3p Immunostaining and Localization
We used a 5’-3xFLAG-tag (FLAG-MKS3) expression vector to produce FLAGMKS3p in order to localize the MKS3 protein. Control paramecia were derived from
cells that were injected with the empty FLAG vector in order to confirm that cells were
unaffected by the expressed FLAG peptide. Cells were permeabilized, stained with Anticentrin and Anti-FLAG, and imaged. In Figure 1, images are stacks to ensure that basal
bodies and FLAG-MKS3p staining are visible. Cells expressing FLAG or FLAG-MKS3
showed similar centrin staining patterns across the cell surface (Figure 1A). The control
cells show almost no staining by Anti-FLAG but the FLAG-MKS3 expressing cells show
very clear FLAG staining near the basal bodies and faint staining in the cilia (Figure 1A
and arrows in 1C). Supplemental Movie 1 demonstrates this pattern of FLAG-MKS3p
staining above the staining of centrin; when scanning through the same cell, starting from
the surface, the green FLAG staining can be seen prior to the red staining of the centrin.
Figure 1B also demonstrates the FLAG-MKS3p staining at the distal side of the centrin
staining, i.e. above the staining of the basal body. The Anti-centrin antibody recognizes
Tetrahymena Centrin 1, which is homologous to Paramecium Centrin 2, which is found
in the basal body along the shaft (Ruiz et al., 2005). The transition zone of the
Paramecium cilium has been defined as stretching from the basal body, near the proximal
surface of the epiplasm, to the base of the cilium where the triplets of microtubules
become doublets and the central pair of microtubule doublets begins (Aubusson-Fleury et
al., 2012a; Dute and Kung, 1978). The localization of the MKS3 protein is therefore
consistent with that of the transition zone for these cells.
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To quantify the basal body and FLAG-MKS3 staining, 15 µm x 15 µm squares on
the dorsal and ventral surface of 3 different cells expressing FLAG-MKS3 were randomly
chosen. Of the 463 basal bodies observed, 95.2 ± 2.2 % of them had FLAG-MKS3
staining. These data suggest that where a basal body is present, we would expect to find
MKS3 protein. To quantify the extent of co-localization of the centrin and FLAGMKS3p staining, the images were analyzed using the softWoRx® software to obtain a
Pearson’s coefficient (r). Eleven FLAG-MKS3p cells showed an average co-localization
score of 0.46 ± 0.11 (r ± SD), indicating partial co-localization. FLAG-MKS3 staining is
clearly seen in the oral groove (Figure 1A, yellow arrows), but we were unable to
differentiate individual basal bodies in this region due to their close packing and the
spatial limitations of fluorescence microscopy. Therefore these oral groove basal bodies
were not included in our analysis.

Ultrastructure
We utilize RNAi by feeding of paramecia because of its ease of use and the
creation of knock-outs by homologous recombination is not possible. RNAi allows us to
observe the cells in a depleted state of a targeted protein quickly and effectively in a wild
type background. The feeding method is estimated to be 80% effective in Paramecium
(Galvani and Sperling, 2002b). RNAi allows us to leave variable amounts of the targeted
protein in the cells and thereby protect them from lethal effects of complete loss of
MKS3. We found that very aggressive RNAi treatment quickly leads to cell death. In
this way, RNAi has an advantage for us over gene knock out
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Scanning electron micrographs (SEM) show that the control cells were covered in
cilia and displayed a highly organized cell surface with one cilium protruding from each
cortical unit (Figure 2A, B). The cilia on the control cells appeared normal as shown in
the representative cell in Figure 2A. The MKS3 depleted cells displayed very short and
sparse cilia (Figure 2C- 2F) and look dramatically different from the controls. The cilia
that were present did not resemble the control cilia; they had wrinkled surfaces and
bulges at the tips (Figure 2E and 2F). Of the 23 MKS3 depleted cells observed, 56.5%
displayed the “blebby” cilia. This was not observed on any of the control cells. (The
control cell in Figure 2A was fixed with the metachronal wave intact, but the MKS3
depleted cell in Figure 2B was not, which is far more common. This difference between
the two cells is not a consequence of the reduction of MKS3 mRNA). The disturbance to
the cell and cilia surface by reduction of MKS3 mRNA is more evident at higher
magnification (Figure 2D and 2F). We used RNAi to reduce mRNA for IFT88 that is
known to cause loss of cilia by failure of intraflagellar transport (IFT), a mechanism that
is specific to ciliary development and maintenance. The IFT88 depleted cells displayed a
normal patterned cell surface (Figure 2G and 2H), with very few and short cilia present
on the surface of the majority of the cells (Figure 2G; yellow arrows).
MKS3 RNAi resulted in cells that appear, by SEM examination (Figure 2), to
have missing or shortened cilia everywhere on the cell except in the oral groove. (For
more detail of short cilia, refer to Additional File 1). The reduction of MKS3 using RNAi
also causes severe distortions in the cell surface in contrast to the surfaces of cells
depleted of IFT88 that show missing cilia, but no other disruptions.
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Transmission EM (TEM) was employed to examine the ultrastructure of basal
bodies to determine whether they were structurally equivalent in control and MKS3
depleted cells. This demonstrates that the loss of cilia that we observed were not due to
their inability to properly form basal bodies. Cross-sections of basal bodies observed
using TEM were measured for both height and width using ImageJ software (Rasband,
1997-2009). No differences were observed between control basal bodies that were 379.6
± 42.4 nm in length and 202.9 ± 22.8 nm wide (± SD, N=13) and MKS3 depleted basal
bodies that were 367.7 ± 35.5 nm long and 191.8 ± 21.9 nm wide (± SD, N=14). In
addition, no obvious differences in basal body docking were observed.

Immunofluorescence: Basal Bodies and Cortical Units
Immunostaining of the MKS3 depleted cells with Anti-centrin revealed a basal
body pattern that differed from that of the control and IFT88 depleted cells. The images
in Figure 3 are stacks of Z-sections, approximately 10 µm thick, to ensure all basal bodies
could be visualized. The representative views shown are of the anterior dorsal surface of
the cells. The control cell shows rows of basal bodies that run from anterior to posterior
(Figure 3). The basal body rows at the midline of the typical MKS3 depleted cell show
disorganization and twisting (Figure 3, white arrows). Distortions of rows can be seen
elsewhere on the dorsal side of the cells but are most commonly observed at the dorsal
midline. The control and IFT88 depleted cells maintain straight organized rows.
The ridges of the cortical units were highlighted using Anti-2F12 and observed at
60x magnification (Figure 4). Light staining of a basal body can be seen at the center of
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each unit. The dorsal surface of a control cell (Figure 4A) demonstrates the high level of
organization of the cortical units. An area of the control cell has been enlarged (yellow
box) to better highlight this (Figure 4a). The lower images in Figure 4a-4c have been
traced for clarity and are to the right of each image. The contractile vacuole pores are
pointed out using gray arrows. The two MKS3 depleted cells (Figure 4B and 4C) show
two major types of differences from the control: an insertion of cortical units that
incorporates a short row into another row of units (a kinety) (Figure 4B; yellow arrows)
and clustering of basal bodies that should be organized in a row (Figure 4C; yellow
arrows). The MKS3 depleted cell with the insertion of an abbreviated kinety has a basal
body for almost every cortical unit (Figure 4b) while the complete surface disruption, the
clustering, shows a chaotic organization of the cortical units, some of which are missing a
basal body (Figure 4c). Of the MKS3 depleted cells observed, 70% show kinety
disruptions. Of those, 90% showed clusters of basal bodies as shown in Figure 4C and
10% showed an insertion of a partial kinety row, as shown in Figure 4B. These changes
in ridge patterns were always observed on the dorsal surface of the cell often near the
midline and never at the extreme poles of the cell in over 30 control and 70 MKS3
depleted cells observed.
Each cortical unit has one or two basal bodies with its corresponding microtubule
rootlets. The transverse microtubule (TM) and the post ciliary microtubule (PCM) are
oriented at 5 o’clock and 7 o’clock, with the anterior end of the cell pointing to 12
o’clock. We examined the orientation of TMs and PCMs using an Anti-α-tubulin
antibody and the basal bodies using the Tetrahymena Anti-centrin antibody. The MKS3
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depleted cells lost most of their cilia, which facilitated the imaging of the basal bodies
and cortical microtubule cytoskeleton. However, the cilia on control cells obscured the
image of the cortical microtubules that were visualized with the Anti-α-tubulin antibody.
Therefore, we used IFT88 depleted cells as a control because they lose their cilia but do
not lose alignment of basal bodies in orderly rows of cortical units (Figure 3). Figure 5
shows representatives of both IFT88 (5A) and MKS3 (5B) depleted cells. Basal bodies
of the control IFT88 depleted cell showed organized rows and microtubule rootlets that
maintain their polarity and orientation. In contrast, the representative MKS3 depleted cell
showed twisting of a basal body row and with it, a new alignment of the TM and PCM
rootlets. The organized pattern of the IFT88 depleted cell has been enlarged (Figure 5A;
yellow box) and traced to show the basal bodies (red) and their microtubule rootlets
(black). The same has been done for the MKS3 depleted cell (Figure 5B; yellow box)
where the orientation of the microtubule rootlets, as well as the basal bodies, can clearly
be seen. The angle between the TM and PCM ribbons that emanate from the basal body
was maintained in the MKS3 depleted cells (Figure 5C), but the orientation of the rootlets
relative to the anterior-posterior axis was changed. Both of the images of representative
cells shown in Figure 5 are of the dorsal surfaces and the enlarged areas are from near the
dorsal midline. Note that the microtubule rootlet misalignments coincide with basal body
misalignments, but not vise versa. The third rootlet, the striated rootlet (SR), also called
kinetodesmal fiber, was visualized using Anti-Kinetodesmal fiber (KDF) (Sperling et al.,
1991) and the basal bodies with Anti-Glu-α-Tubulin. Figure 6A shows a control RNAi
fed cell with basal bodies (red) forming clear organized rows, or kineties, along the cell.
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Emanating from the left side of each basal body is a striated rootlet (green). These fibers
extend toward the anterior pole of the cell and will span two or more cortical units (Iftode
et al., 1989a). The control cell clearly demonstrates the anterior orientation of the SRs.
In the case of two basal body units, this fiber only projects from the posterior of that basal
body pair (Figure 6A; yellow arrows; the large red structures in Figure 6A and 6B are the
contractile vacuoles and are not the subject of this study). In the MKS3 depleted cell,
within the areas of basal body misalignment, the SRs do not always project toward the
anterior and often veer in oblique directions (Figure 6B, b, and b’). The basal bodies are
no longer maintained in their kinety rows, and much like the twisted orientation of the
PCMs and TMs from Figure 5, the SRs are chaotic in their orientations. These data, in
conjunction with the TM and PCM data (Figure 5), suggest that these rootlets develop
from the basal body normally, but the basal body has lost its orientation and does not
maintain its position along the anterior-posterior axis of the cell (See also Supplemental
Figure 3).

Mass Spectrometry and potential interacting partners
Whole cell extract was generated from wild type cells in LAP 200 buffer (see
materials and methods), solubilized in 1% Triton X-100, and probed using either
expressed GST or expressed GST fused with the coiled-coil domain of MKS3. Samples
were separated on SDS-PAGE gels, silver stained, and the entire test (GST-MKS3 coiledcoil) and control (GST) lanes were analyzed by tandem mass spectrometry. We only
considered those proteins unique to the test lane. In total, five proteins unique to the test
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sample were identified (Table I). These proteins had a minimum of two unique peptides
and included two Paramecium centrin binding proteins (PtCenBP1), a SERCA pump
(PtSERCA1), a Ran-GTPase activating protein, and a kinetodesmal fiber protein (KdB2).
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Discussion
Reduced MKS3 leads to abnormal and missing cilia
We expressed FLAG-tagged MKS3 protein to localize it within the Paramecium
cell and used feeding RNAi to explore for new functions of this protein. IFT88 served as
a control for our approach because reduction of IFT88 mRNA would inhibit ciliary
transport and help us to determine whether short and missing cilia were sufficient to
explain the RNAi phenotype for MKS3. Both IFT88 and MKS3 depleted cells showed
shortening and loss of cilia over the entire cell except in the oral groove. These results
for MKS3 depletion are in agreement with those of Dawe et al. (Dawe et al., 2007b), who
reported that siRNA duplexes against MKS3 caused short or missing cilia in inner
medullary collecting duct cells (IMCD3). In the same study, siRNA duplexes were used
against IFT88 in IMCD3 cells, leaving >90% of the cells without a primary cilium. The
authors concluded that loss of MKS3 disrupts polarity of centrioles and their migration to
the cell surface for cilium formation (Dawe et al., 2007b). Other studies have found a
variety of changes in ciliary number and length, possibly because of differences among
cell types and methods of interfering with MKS3 expression through reduction in amount
or mutation (Cook et al., 2009; Dawe et al., 2009b; Dawe et al., 2007b; Smith et al.,
2006b; Tammachote et al., 2009).
We found that aspects other than short and missing cilia differed between the
Paramecium MKS3 RNAi phenotypes and IFT88 RNAi phenotypes. For example, the
cilia that remain on the IFT88 depleted cells appeared short but not misshapen, while
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those on MKS3 depleted cells were short with bulging membranes, giving a “blebby”
appearance, especially at the tips.
In other systems, MKS3 (TMEM67) functions as part of the filter or as a gate
keeper in the transition zone, the region between the basal body and the ciliary necklace
(Chih et al., 2012; Czarnecki and Shah, 2012b; Garcia-Gonzalo and Reiter, 2012b;
Williams et al., 2011b). Failure of transition zone function to control ciliary structure and
membrane composition can lead to short and bulbous cilia (Garcia-Gonzalo et al., 2011b)
similar to our observed “blebby” cilia on cells depleted of MKS3 by RNAi. Our
immunofluorescence data of paramecia expressing FLAG-MKS3 suggest that FLAGMKS3p is in the transition zone, which in Paramecium has been defined as an area which
spans from the epiplasm to the base of the cilium below the ciliary necklace (AubussonFleury et al., 2012a; Dute and Kung, 1978) (Figure 1 and Supplemental Movie 1). The
antibody we used to label basal bodies recognizes Tetrahymena Centrin 1, which is most
homologous to Paramecium Centrin 2, and stains the full length of the Paramecium basal
body below the cell surface (Ruiz et al., 2005). The transverse section through the surface
of the cell shows Anti-FLAG labeling for FLAG-MKS3 near the cell surface and at or
above the distal end of the basal body. This location of MKS3p in P. tetraurelia is also
consistent with the observations by Dawe et al. (Dawe et al., 2007b) who were the first to
show the localization of MKS3p at the base of the primary cilium at the transition zone in
IMCD3 and HEK293 cells transfected with N-terminal tagged proteins. Other groups
have made similar findings (Adams et al., 2012b; Williams et al., 2011b).
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We propose that the depletion of MKS3p from the transition zone accounts for the
loss of cilia and blebbing of the membrane of the short remaining cilia by causing a
failure of the transition zone to regulate ciliary structure and membrane composition. We
have also data that suggest the presence of MKS3p in the distal portion of the cilium
(Western blot (Supplemental Figure 1). The cilia for the Western blot preparations are
severed from the cell body above the ciliary necklace, which means that if MKS3p is in
the cilia the proteins on blot come from above the transition zone (Satir et al., 1976).

New phenotypes of MKS3 mRNA depletion suggest interaction with basal body
striated rootlet (SR)
The repetitive stereotypical rows of cortical units of P. tetraurelia allowed us to
identify subtle deviations due to reduction of MKS3p. RNAi for MKS3 led to basal
bodies out of kinety rows on the dorsal surface, mostly at the midline. The disorganized
basal bodies were in patches, mostly in clusters or less often in small extra rows, and with
misshapen morphology of cortical ridges. These phenotypes were not seen in the IFT88
depleted cells indicating that the shortening and loss of cilia are not sufficient to explain
these changes in MKS3 depleted paramecia.
Cortical units across the surface of Paramecium contain either one or two basal
bodies (mono- or di- kinetids respectively). In preparation for cell division, basal bodies
duplicate and the cell must enlarge and elongate. This first stage of division involves the
conversion of all dikinetids to monokinetids (Iftode and Fleury-Aubusson, 2003a), with
the exception of those in the invariant zones at the extreme anterior and posterior ends of
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the cells (Iftode et al., 1989a; Iftode and Fleury-Aubusson, 2003a). This conversion of dito mono- kinetids is the earliest stage in preparation for cell division and once complete,
the cell will begin basal body duplication and formation of the fission furrow at the
midline of the cell (Iftode and Fleury-Aubusson, 2003a). For both the conversion of dito mono- kinetids and basal body duplication, where a new basal body is produced
anterior to the parental basal body, the anterior basal bodies or the new basal bodies move
away from the parental basal bodies using the striated rootlet (SR) as a guide, thus
maintaining orderly rows (Iftode et al., 1989a; Iftode and Fleury-Aubusson, 2003a).
While basal bodies in all areas outside the “invariant” zones must duplicate for cell
division, we do not see a distortion of the kinety rows of basal bodies except on the dorsal
side and primarily at the midline. Therefore, we propose that the MKS3 RNAi phenotype
of disorientation of basal bodies and rootlet orientations that we observe is primarily from
failure of the anterior basal body of two basal body units to appropriately migrate along
the SR and thereby maintain a straight kinety row. The conversion from di- to monokinetids is prior to basal body duplication happens first on the dorsal surface of the cell,
where a large number of randomly distributed dikinetids exist (Iftode, 1996), and at the
midline because the anterior movement is in advance of basal body duplication, which
begins at the midline.
The posterior basal body in the dikinetid has a cilium and full complement of
rootlets (TM, PCM and SR) projecting in stereotypical orientations. The anterior basal
body of the pair has no cilium and only the transverse microtubules associated with it. In
addition to the rootlets, a set of three cytoskeletal “nodes” link the basal bodies of a
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dikinetid to each other and to the striated rootlet (Iftode, 1996; Iftode and FleuryAubusson, 2003a).

While moving, the anterior basal body remains linked to the SR,

which extends for two or more cortical units toward the anterior and appears to act as a
guide that keeps the migrating basal bodies aligned with the cortical row. Once the
anterior basal body has separated from the posterior basal body it develops a PCM and a
SR in addition to its preexisting TM (Iftode and Fleury-Aubusson, 2003a). A schematic
of this process is shown in Figure 7.
We propose that misguidance in the early movement of the anterior basal body of
dikinetids can account for the observed RNAi phenotype of misalignments primarily near
the dorsal midline. We also propose that all newly forming basal bodies which also use
the SR as a guide could require MKS3p for their attachments to the SR. We expect that
only the errors in anterior basal body movements in the dikinetids are noticed in MKS3
RNAi depleted cells because they occur early, before basal body duplication, and because
cells stop growing and do not proceed further with basal body duplication and cell
division. Indeed, these RNAi treated cells stop growing after 24 h of RNAi feeding (data
not shown).
This hypothesis of interaction of MKS3p with the SR is strongly supported by the
results of a GST pull down assay. Using the MKS3p coil-coil domain as bait, we have
identified a kinetodesmal fiber protein (KdB2: GSPATG00008129001).
MKS3p bait also pulls down two Paramecium Centrin binding protein 1s
(PtCenBP1: GSPATG00034434001 and GSPATG00034433001) which has been shown
to be the main component of the infraciliary lattice (ICL). The ICL is a contractile
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cortical cytoskeletal network that is nucleated from the basal body region (Beisson et al.,
2001; Gogendeau et al., 2007). An interaction of MKS3p and PtCenBP1 could help to
stabilize the basal body within the cortical unit allowing a cilium to be properly
established.
GST pull down results included a Ran GTPase activating protein 1 (RanGAP:
GSPATG00009639001). An interaction of RanGAP1 with MKS3p is interesting if the
ciliary pore functions in a fashion similar to the nuclear pore complex, which has been
suggested (Fan and Margolis, 2011; Kee and Verhey, 2013). A RanGTP/GDP gradient
between the cilia and cell compartments has been suggested to be involved in for the
entrance of select proteins into the cilia, such as Kif17, in mammalian cells (Dishinger et
al., 2010). The interaction of MKS3 with RanGAP may prove to be a reflection of
MKS3p function in the transition zone and part of the explanation for loss and
deformation of cilia in MKS3 depletion.
It might be suggested that the misalignment phenotypes in MKS3 depleted cells
results from inappropriate development of the rootlets around the basal body. We do not
favor this explanation because in areas of disruption, the PCM and TM rootlets form with
a normal angle between them and kinetodesmal fibers develop. These results suggest that
the entire basal body unit with rootlets appears to be mis-directed and not aligned with
the anterior-posterior axis of a kinety as opposed to a dysfunction in rootlet development.
We did not identify a second location for MKS3 in our immunofluorescence
studies of tagged MKS3p outside the transition zone. Although physical interactions of
basal bodies and the SR were identified in structural studies (Iftode and Fleury62

Aubusson, 2003a), the transient nature of the attachments have made it difficult to
identify the interacting components. Our findings open a new opportunity to dissect
these transient but critical interactions.

Conclusion
There appear to be dual roles for MKS3 in Paramecium. We have shown that
MKS3p in P. tetraurelia is located at the cell surface near each basal body’s transition
zone where it most likely helps to filter and import (or retain) proteins into the cilia.
When MKS3p is reduced from this location, cilia are lost and the cell surface and ciliary
membranes become distorted. Secondly, a pool of MKS3 may be required in di-kinetid
units to guide the anterior basal body of the separating pair along the striated rootlet. A
reduction in this pool of MKS3 may lead to the basal body becoming twisted and
misaligned from its polarized row.
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Paramecium DB
Accession number
GSPATG00034434001

Molecular
Weight
146 kDa

Peptides
(control)
0

Peptides
(test)
2

Name
PtCenBP1

GSPATG00020240001

115 kDa

0

2

PtSERCA1

GSPATG00034433001

85 kDa

0

2

PtCenBP1

GSPATG00009639001

39 kDa

0

2

GSPATG00008129001

36 kDa

0

3

Ran-GTPase activating
protein 1
KdB2

Table 2.1. Unique Proteins To The Test Lane From GST-MKS3 Coiled Coil Domain
Pull Down
The interaction of the Meckelin coiled coil domain with proteins related to striated rootlet
components supports the idea that MKS3 functions in the link between the basal body
and the striated rootlet.
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Figure 2.1: Localization Of FLAG-MKS3p
Cells expressing FLAG (control) or FLAG-MKS3 were immunostained with Anti-Centrin
(red) and Anti-FLAG (green); representative cells are shown here. The oral grove
(mouth) is indicated by yellow arrows (A). FLAG staining in the test cell expressing
FLAG-MKS3 (A) shows a punctate pattern at each basal body with partial co-localization
(B). This staining is above the plane of the basal body (C) (See also Supplemental Figure
4 for Western blots and Supplemental Movie 1 for individual Z sections). Images are
stacks of Z sections, either 10 to 15 µm (A and B) or 4 µm (C) thick. Scale bars are 15
µm (A), 5 µm (B), or 2 µm (C).
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Figure 2.2: MKS3 Depleted Cells Have Sparse Cilia And Distorted Cell And Ciliary
Surfaces
SEMs of representatives of control (A and B), MKS3 depleted (C-F), and IFT88 depleted
(G and H) cell populations (the cell in G has been rotated). Whole cell images of control
(A), MKS3 depleted (C and E), and IFT88 depleted (G) cells. Scale bars: 10 µm. The
control cell (A) is covered in cilia while the MKS3 depleted cells show sparse and short
cilia (C and E). The IFT88 depleted cell (G) has almost no cilia remaining, although a
few short cilia are visible (yellow arrows). Higher magnifications of the cell surfaces
from A, C, E, and G, (yellow boxes) are shown in B, D, F and H, respectively (scale bars:
2µm). Control cell surface (B) shows cilia arising from the cortical units while the MKS3
depleted cells show short and missing cilia (D and F). Over 50% of the MKS3 depleted
cells had cilia that were severely misshapen and “blebby.” The cell surface of these cells
also becomes heavily wrinkled and distorted (F). The IFT88 depleted cell (H) shows
normal organization of cortical units.
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Figure 2.3: Basal Bodies Of MKS3 Depleted Cells Are Misaligned Primarily At The
Dorsal Midline
Cells were stained using Anti-centrin to visualize the basal bodies. Images represent
stacks of Z sections, approximately 10 µm thick. The images shown are the dorsal
surface of the anterior side of the cell. Basal bodies should be arranged in organized
rows, as seen in the control and IFT88 depleted cells. The MKS3 depleted cell (center
panel) shows the basal bodies not aligned and no longer in straight rows (white arrows) at
the midline of the cell. Scale bars: 10 µm.
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Figure 2.4: Disruptions Of The Cortical Units Correspond To The Areas Of Basal
Body Misalignment
Control (A) and MKS3 depleted cells (B and C) were stained using Anti-2F12 to visualize
the cortical ridges. These images are of the dorsal surface and are stacks of Z sections,
approximately 10 µm thick. The green bright spots are the intense fluorescence of the
oral grooves. The control cell (A) shows the high degree of organization of the outer
lattice across the cell surface. The presence of a basal body in each unit can be seen in
the enlarged area (a; yellow box) and the traced image below (black dot inside hexagonal
unit). The MKS3 depleted cells illustrate an insertion of several cortical units forming an
abbreviated kinety (B, b; yellow arrows) or a disruption type caused by the insertion of
multiple cortical units resulting in the formation of a cluster (C, c; yellow arrows). The
contractile vacuole pores are pointed out using gray arrows. Scale bars: 10 µm in whole
cell images and ~2 µm in the insets.
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Figure 2.5: The Microtubule Ribbons Have An Altered Orientation In MKS3
Depleted Cells
IFT88 (A) and MKS3 (B) depleted cells were stained using Anti-centrin (red; basal
bodies) and Anti-tubulin (green; microtubule rootlets). Images are stacks of Z sections
approximately 10 µm thick. All images are the anterior dorsal surface. Areas in (A) and
(B) (yellow box) have been enlarged and below each is a tracing to depict the basal body
(red) and the emanating rootlets (black). The rootlets are organized into the basal body
rows (kineties) as a 5 o’clock (TM) and 7 o’clock (PCM) orientation relative to the basal
body. In the disrupted region of the MKS3 depleted cell (B), the microtubule rootlets are
present and maintain the angle between them (C), but do not maintain the regular
orientation along the anterior-posterior cell axis as seen in the control cell. Scale bars:
10 µm in the whole cell images and ~ 2 µm in the insets. The angles between the TM
and PCM were measured (C) and these angles were maintained in the MKS3 depleted
cells (35 cells from both test and control cells; error bars are ± SD).
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Figure 2.6: Chaotic Orientation Of The Striated Rootlet (SR) In MKS3 Depleted
Cells
Control (A) and MKS3 depleted (B) cells were stained with Anti-Glu-α-Tubulin (red;
basal bodies) and Anti-KDF (green; striated rootlets). Yellow arrows in (A) and (B)
indicate the contractile vacuoles on the dorsal surface of these cells. SRs project from the
basal bodies; in two basal body units, SRs project only from the posterior basal body (a;
dotted yellow arrows). SRs project toward the anterior of the cell in a highly organized
manner along the kinety. Cells depleted of MKS3 depict chaotic organization of the SRs,
which project in every direction (b and b’). Scale bars are 10 µm and ~2 µm in the insert.
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Figure 2.7: Potential Model For The Function Of MKS3 In The Link Between The
Basal Body And The Striated Rootlet
The upper portion of the panel diagrams the normal transition of a dikinetid to a
monokinetid in a control cell prior to basal body duplication. In this case, the anterior
basal body of the pair is linked to and uses the SR as a guide during movement. MKS3p
is shown at each basal body near the cell surface (Transition zone associated MKS3p)
and also at the attachment of the anterior basal body to the SR (striated rootlet associated
MKS3p). We propose that this second location of MKS3p is temporary because MKS3p
is not required as a guide once the anterior basal body has moved away from the posterior
one sufficiently to develop its rootlets and foster the growth of another basal body. The
lower portion of the panel diagrams the transition from a dikinetid to a monokinetid in
MKS3 depleted cells. We propose that in the absence of MKS3p, the anterior basal body
loses its ‘mooring’ and can no longer utilize the SR as a guide for migration. Without
guidance the basal body wanders out of alignment resulting in skewed rootlets,
disorganized basal body rows, and muddled cortical ridge organization.
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Supplemental Figure 2.1: Amino Acid Sequence Alignments Of Full Length MKS3,
The Conserved Cysteine Rich Domain And The Coiled Coil Domain Across
Multiple Species
An alignment of the full-length Paramecium, Mouse and Human MKS3 amino acid
sequences are shown (A). Shown in (B), the cysteine rich domain and coiled coil domain
show conservation across all species. The Paramecium cysteine rich domain shows 23%
identity to both the Mouse and Human sequences and the majority of the cysteines in this
region are conserved across all three species. The MKS3 coiled coil domain of
Paramecium shows 59% identity to the Mouse MKS3 coiled coil domain and 55%
identity to the Human MKS3 coiled coil domain. For all alignments, red indicates 100%
amino acid identity, green indicates amino acid conservation and white indicates a
mismatch.
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Supplemental Figure 2.2: Amino Acid Alignments Of Full Length IFT88 And The
Conserved TPR Domain Sequences From Multiple Species
An alignment of the full-length Paramecium, Mouse and Human IFT88 amino acid
sequences are shown (A). Four of the predicted tetratricopeptide repeat (TPR) domains of
IFT88 are conserved in the Paramecium sequence and are shown in (B). TPR1 shows
44% and 42% identity, TPR2 shows 45% and 51% identity, TPR3 shows 54% and 53%
identity and TPR4 shows 43% and 44% identity to the Mouse and Human TPR domains,
respectively. For all alignments, red indicates 100% amino acid identity, green indicates
amino acid conservation and white indicates a mismatch.
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Control

MKS3

Supplemental Figure 2.3: Whole Control And MKS3 RNAi Cells Stained For Basal
Bodies And Striated Rootlets
Images of control and MKS3 RNAi cells stained with Anti-KDF (green) and Anti-Glu-αtubulin (red) that show a larger section of the dorsal surface. Normal kinety and
kinetodesmal fiber alignment can be seen across the entire surface of the control cell.
The MKS3 depleted cell shows clustering disruptions in multiple regions of the dorsal
surface (yellow arrows). Scale bars are 10 µm.
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Supplemental Figure 2.4: Western blots From FLAG-MKS3 Expressing Cells
Localizing FLAG-MKS3 To The Cilia And Cell Membrane
To help determine the localization of this protein, we examined its presence in isolated
whole cilia and pure cell (pellicle) membrane from cells expressing FLAG-MKS3 or, as a
control, FLAG. The isolated proteins were then separated on SDS-PAGE and transferred
to nitrocellulose. The nitrocellulose blots were then probed using Anti-FLAG antibody
or Anti-Tubulin antibody (loading control). The FLAG-MKS3 protein can be seen at 105
kDa in the cell membrane and at 105 and 77 kDa in the whole cilia (Figure 1 C; blue
arrows). There are non-specific bands, present in both the test and control lanes, in the
whole cilia blot (Figure 1C; gray arrows, ~107 kDa) due to the large amount of protein
loaded (250 µg). (C) Western blots developed with Anti-FLAG of cell membrane and
whole cilia show the FLAG-MKS3 protein in the cell membrane (blue arrowhead; ~105
kDa) and cilia (blue arrowheads; 105 and 77 kDa). Non-specific bands, present in both
the test and control lanes, are shown with gray arrows. A representative Anti-tubulin
loading control blot is also shown.
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Supplemental Table 1. Comparison of Paramecium IFT88 with other organisms
Gene
(GSPATG…)

Nucleic
acids

Amino
acids

Best nonciliate match

00038505001

2341

743

Salmo Salar
(ACN11151)

1.00e

-150

00021390001

2319

726

Salmo Salar
(ACN11151)

4.00e

-145

00011771001

2346

736

Salmo Salar
(ACN11151)

2.00e

-136

00022644001

2342

730

Danio rerio
(CAQ14425)

7.00e

-128

00039556001

1727

566

Salmo Salar
(ACN11151)

1.00e

-107

e-value

Chlamydomonas
match
(XP_001700100.1)

Human match
IFT88 Isoform 2
(NP_006522.2)

-170

6e
(38% identical)

-163

2e
(40% identical)

-153

3e
(37% identical)

-138

9e
(35% Identical)

-116

2e
(38% identical)

2e
(42% identical)
1e
(42% identical)
1e
(39% identical)
2e
(37% Identical)
9e
(39% identical)

-168

-159

-156

-140

-116

Supplemental Table 2. Comparison of Paramecium MKS3 with other organisms
Supplemental
Table 2.1:
Comparison
Of Paramecium IFT88
With Other
Organisms
Gene
Nucleic
Amino
Best non-ciliate
Mus muscullus
Human
match
(GSPATG…)
00015939001

acids
2906

acids
951

match

e-value

Rattus norvegicus
(NP_001101386.3)

!

88

-164

8e
(24% identical)

(NP_808529.2)
-60

5e
(24% identical)

(NP_001135773.1)
-56

2e
(25% identical)

00039556001

1727

566

Salmo Salar
(ACN11151)

1.00e

9e
(39% identical)

-107

2e
(38% identical)

Supplemental Table 2. Comparison of Paramecium MKS3 with other organisms
Gene
Nucleic Amino
(GSPATG…) acids acids

Best non-ciliate
match

00015939001

Rattus norvegicus
8e
5e
(NP_001101386.3) (24% identical) (24% identical)

e-value
-64

2906

951

!

Mus muscullus Human match
(NP_808529.2) (NP_001135773.1)
-60

Supplemental Table 2.2: Comparison Of Paramecium MKS3 With Other
Organisms
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-56

2e
(25% identical)

Chapter 3: Localization of Striated Rootlet Family Proteins and Their
Interactions with MKS3 in Paramecium
Abstract
Meckelin (MKS3 or TMEM67) is a transmembrane protein localized to the ciliary
transition zone. MKS3 is a component of the MKS module which functions in
ciliogenesis and regulating the protein content of the cilia. Previously we have shown in
Paramecium tetraurelia that FLAG-tagged MKS3 localizes to a region above the basal
body consistent with the localization of a transition zone protein. RNAi for MKS3 leads
to global loss of cilia, further supporting a role for MKS3 at the transition zone in
Paramecium. RNAi for MKS3 also leads to disorganized basal body rows. Within the
areas of disorganization, the basal bodies along with their striated rootlet, post ciliary
rootlet and transverse microtubule, are rotated away from their anticipated alignment.
We propose that MKS3 plays a role in the guided anterior movement of basal bodies
along the striated rootlet of the parental basal body. The reduction of MKS3 causes a
disruption of the link between the basal bodies and the striated rootlet. In the absence of
this link the anterior basal body initiates its anterior movement, rotates out of alignment
and projects its rootlets in the wrong directions.
There are 27 predicted striated rootlet family members in the Paramecium
genome that are divided into 7 paralog groups. Twenty of the predicted striated rootlet
family members contain a conserved SF-Assemblin domain that is characterized by a
segmented coiled coil structure. This domain is similar to the SF-Assemblin proteins that
comprise the striated microtubule associated fibers in Chlamydomonas reinhardtii
(Lechtrek and Melkonian, 1998).
In an effort to determine an interaction between MKS3 and the striated rootlet in
Paramecium, we selected 13 striated rootlet family member genes, representing each
paralog group, for N-terminal epitope tagging. Nine of the tagged striated rootlet family
members contained SF-Assemblin domains and localized relatively uniformly along the
striated rootlet. The remaining components lacked SF- Assemblin domains and were
found elsewhere in the cell, but not in the striated rootlet.
Several components lacking SF-Assemblin domains were previously found in
GST pull-down experiments using the MKS3 coiled coil domain as bait (Picariello et al.,
2014). In an effort to clarify any further interactions between MKS3 and the striated
rootlet we performed GST pull-down assays using the entire MKS3 C-terminus.
Unfortunately the results of these interaction studies were unclear and the nature of the
interaction between the striated rootlet and MKS3 remains elusive.
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Introduction
Cilia are highly conserved organelles that play critical roles in cellular
development, signal transduction and cell cycle progression (Pedersen and Rosenbaum,
2008). Dysfunction of the cilium leads to a subset of disorders known as ciliopathies.
The spectrum of ciliopathies includes polycystic kidney disease, Bardet-Beidl syndrome,
Joubert syndrome and Meckel syndrome. Ciliopathies are characterized by defects such
as polycystic kidneys, polydactyly, encephalocoele and in certain cases death
(Hildebrandt et al., 2011). Despite this, the role of genes and their gene products in the
development of these disorders remain unclear.
Meckel syndrome type 3 protein (MKS3) is encoded by the MKS3 gene, one of
three causative genes implicated in the autosomal recessive ciliopathy Meckel syndrome.
This disorder leads to perinatal death and is characterized by central nervous system
malformations, with occipital meningioencephalocoele, polycystic kidneys, fibrotic
changes to the liver, postnatal polydactyly and situs inversus (Hildebrandt et al., 2011;
Salonen and Paavola, 1998). It has been reported around the world and has higher
occurrence rates in Finland, Belgium, the Middle East and Asia (Chen, 2007; Salonen
and Paavola, 1998). In addition to being one of three genes associated with Meckel
syndrome, MKS3 is also dysfunctional in Bardet-Beidl syndrome, COACH syndrome and
Joubert syndrome (Brancati et al., 2009; Leitch et al., 2008).
MKS3, also known as TMEM67 in humans, encodes a transmembrane protein of
approximately 110 kDa that is predicted to have a conserved N-terminal signal peptide
and cysteine rich domain as well as a C-terminal coiled coil domain. MKS3 is part of the
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MKS module at the transition zone and it is believed that the MKS module, in
conjunction with several other protein modules including the NPHP and Tectonic
modules, functions to establish a gate at the transition zone (Czarnecki and Shah, 2012;
Szymanska and Johnson, 2012; Williams et al., 2011). The function of this gate is to
regulate the entry of proteins into the ciliary compartment. A specific role for
components of this gate was demonstrated in Chlamydomonas mutants harboring
mutations in the transition zone components CEP290 and NPHP4. The loss of CEP290
caused structural defects in the transition zone as well as increased levels of Polycystin-2
in the cilia (Craige et al., 2010). Loss of NPHP-4 caused the accumulation of soluble
cytoplasmic proteins larger than 50 kDa in the cilium suggesting that NPHP-4 helps to
control the size of proteins that enter the cilium (Awata et al., 2014). Taken together
these results support the hypothesis that the transition zone acts as filter to regulate
protein entry into the ciliary compartment. Despite its localization to the transition zone,
the role of the MKS complex in regulating protein entry into cilia has yet to be
thoroughly clarified. Given the predicted transmembrane structure of several MKS
module components it seems likely that the MKS module will serve an anchoring
function and will help link other transition zone modules to the membrane.
Downregulation of MKS3 mRNA leads to ciliary loss in IMCD-3 cells (Dawe et
al., 2007) and simultaneous mutation of MKS3 and NPHP-4 in C. elegans results in
structural defects to the transition zone and cilium, such as missing Y-links and central
pair microtubules respectively (Williams et al., 2011). MKS3 interacts with MKS1,
another component of the transition zone and also a component of the MKS complex.
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This interaction is necessary for centrosome/basal body positioning and ciliogenesis
(Dawe et al., 2007). In addition to MKS1, MKS3 has been shown to interact with
multiple other transition zone components including components from both the NPHP
and Tectonic modules. These modules are present in the transition zone and are
responsible for proper cilia formation and function (Garcia-Gonzalo et al., 2011; GarciaGonzalo and Reiter, 2012; Williams et al., 2011). MKS3 has also been shown to interact
with the actin binding proteins Nesprin-2 and Filamin A (Adams et al., 2012; Dawe et al.,
2009). Interactions of MKS3 with Nesprin-2 and Filamin-A suggest roles for MKS3
outside the transition zone. Nesprin-2 has been shown to function in centrosome/basal
body movement and the interaction with Filamin-A, a cytoplasmic actin binding protein,
further suggests a potential interaction between MKS3 and the actin cytoskeleton
(Burakov et al., 2003; Smith et al., 2006; Starr and Fischer, 2005). Although a
cytoplasmic interaction for MKS3 was demonstrated, the function of MKS3 and other
ciliopathy proteins outside of the transition zone has not been thoroughly investigated.
With this in mind, we are attempting to investigate the function of MKS3 outside
of the transition zone in the ciliate Paramecium tetraurelia. The cell is completely
ciliated and each cilium arises from a basal body. The basal bodies are organized into
longitudinal rows of cortical units. Each cortical unit is polarized with respect to the
longitudinal axis of the cell and contains either one or two basal bodies. In units with one
basal body, three rootlets project from the basal body in stereotypical orientations. The
transverse microtubule and post-ciliary rootlet project from the basal body at 5 and 7
o’clock respectively. The striated rootlet projects anteriorly from the basal body and
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traverses several cortical units (Iftode et al., 1996; Iftode et al., 1989). In two basal body
units, only the posterior basal body has a complete set of rootlets while the anterior basal
body of the pair has only the transverse microtubule. The basal bodies are linked to each
other and the anterior basal body of the pair is linked to the striated rootlet through a
series of fibrous nodes (see figure 1.8). The anterior basal body utilizes the striated
rootlet as a guide for movement prior to basal body and cellular duplication (Iftode and
Fleury-Aubusson, 2003). New daughter basal bodies also use the striated rootlet as a
guide as they develop and move into position away from the mother basal body. This
link to the striated rootlet likely helps to maintain the organization of the basal body rows
as basal body duplication initiates.
We have recently shown that RNAi interference for MKS3 results in
misalignment of the basal body rows, abnormal rotation of the basal bodies and their
associated microtubule rootlets and distortion of the cell and ciliary surfaces in
Paramecium (Picariello et al., 2014). Our hypothesis is that MKS3 is part of the
connecting complex between the striated rootlet and the basal body that functions when
the new daughter basal body or the anterior basal body of a pair moves along the striated
rootlet. In the absence of MKS3 we believe this link is lost and the basal body can no
longer utilize the striated rootlet as a guide for its movement. As a result, normal basal
body polarity cannot be maintained and the cell develops a disorganized dorsal surface.
To further support this hypothesis we investigated a potential interaction between
MKS3 and the striated rootlet. Paramecium tetraurelia has 27 striated rootlet family
member genes. Structural predictions indicate that the majority of the potential striated
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rootlet proteins (20 out of 27) contain conserved SF-Assemblin domains. SF-Assemblins
are approximately 34 kDa proteins and are the major structural components of
Chlamydomonas striated microtubule associated fibers (SMAF). SF-Assemblin is an αhelical protein with coiled-coil forming ability (Lechtrek and Melkonian, 1991). It is
characterized by a non-helical amino terminal domain, a central segmented coiled-coil
domain and carboxy-terminal β-sheets (Weber et al., 1993). Similar to Chlamydomonas
SMAFs, striated rootlets in Paramecium are narrowly striated with an axial repeat of
approximately 30 nm and seem to be composed of 2 nm protofilaments (Hyams and
King, 1985). Furthermore, Paramecium striated rootlets also seem to have similar
solubility properties to Chlamydomonas SMAFs (Hyams and King, 1985; Lechtrek and
Melkonian, 1991).
Initially we used a GST fusion protein with the coiled-coil domain of
Paramecium MKS3 as bait in GST pull down experiments. Mass spectrometry analysis
of the GST pull downs suggested an interaction between MKS3 and several striated
rootlet family members (Picariello et al., 2014). Based on this initial data, we FLAGtagged 13 Paramecium straited rootlet family members. In this report, we describe the
results of interaction and localization studies using cells expressing the FLAG-tagged
striated rootlet family members. Our study shows that striated rootlet family members
containing conserved SF-Assemblin domains are localized within the striated rootlet
itself. Striated rootlet family members that do not contain a conserved SF-Assemblin
domain are found in various cellular locations, including the basal body region and the
epiplasmic scales, but never within the striated rootlet. GST pull-downs were used to
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identify interactions between the C-terminus of MKS3 and the various FLAG-tagged
striated rootlet family members. In these experiments, no clear interaction between
MKS3 and the striated rootlet was identified. This may be due to the nature of the
interaction itself, perhaps the interaction is transient or the interaction may be relatively
weak. This may also be due to the conditions in which we performed the studies.
Although the conditions we used have yielded good results in past studies, they may not
be ideal for studying an interaction between MKS3 and the striated rootlet. In light of
this, we will continue to test for an interaction between MKS3 and the striated rootlet
using imunprecipitations of the FLAG-tagged striated rootlet family members followed
by mass spectrometry anaylsis.
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Materials and Methods
All chemicals from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise noted.

Stocks, Cultures and Chemicals
Cells (Paramecium tetraurelia; 51-S, sensitive to killer) were grown at 25°C in
wheat grass medium inoculated with Klebsiella pneumoniae or Aerobacter aerogenes.
Briefly, 15g of powdered wheat grass is brought to a boil in distilled water. After 15
minutes at a rolling boil, the wheat grass (Pines, Inc., Lawrence, KS,USA) is filtered
through non-absorbent cotton and cheese cloth. The media is buffered by the addition of
Na2HPO4.7H2O to a final concentration of 3.75 mM and Stigmasterol to a final
concentration of 3mg/L. The media is brought to a final volume of 6 L by the addition of
distilled water and autoclaved to sterilize. Improved wheat media was made by the same
process but the media is buffered with Tris-HCl, NaH2PO4.H2O, Na2HPO4 and
stigmasterol. Approximately 24 hours prior to use the culture media is inoculated and
stored at 37°C.

Organic Extraction of Genomic DNA
51-S Paramecia were cultured in 100 mL of regular wheat media at 28°C for 72 hours
and were then harvested by filtering through a Kimwipe® into a pear shaped tube. The
tube was spun at 850 xg in an IEC HN-SII clinical centrifuge for 2 minutes at 25°C. The
cell pellet was recovered with a Pasteur pipette and was rinsed in 100 mL Dryl’s solution
(1 mM Na2HPO4, 1 mM Na2H2PO4, 1.5 mL CaCl2, 2 mM Na-citrate, pH=6.8). The cells
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were pelleted again and 100 µL of the cell pellet was transferred to a sterile 1.5 mL tube
to which a 1:1 ratio of denaturing solution (Promega, San Luis Obispo, Ca, USA) was
added. 1/10th the volume (20µL) of 3M sodium acetate (pH=5.5) was added. To this
mixture, a 1:1 ratio of phenol chloroform : isoamyl alcohol (25:24:1) (Promega) was
added and the tube was briefly vortexed to mix. The tube was centrifuged at 16,000 x g
in an Eppendorf 5415C centrifuge for 5 minutes at 25°C. The aqueous layer was
recovered in a fresh 1.5 mL tube and the phenol chloroform : isoamyl alcohol step was
repeated. The aqueous layer was recovered and was transferred to a new 1.5 mL tube to
which 2 volumes of 95% ethanol was added and mixed. The tube was placed at -20°C
for 40 minutes to precipitate the DNA. The tube was centrifuged at 16,000 xg at 4°C to
pellet the DNA. The 95% ethanol was removed and the pellet was washed five times
with 1 mL of 70% ethanol. The pellet was dried in a speed-vac refrigerated vacuum
concentrator (Thermo Scientific, Waltham, MA, USA) for 20 minutes. The pellet was
resuspended to a final concentration of 100 ng/µL in MilliQ (EMD Millipore, Billerica,
MA, USA) and stored at -20°C.

FLAG-tag of Striated Rootlet Family Component Genes
The sequences for 26 of the 27 striated rootlet genes in Paramecium were found using
BLAST searches of the annotated Paramecium genome (ParameciumDB,
http://paramecium.cgm.cnrs-gif.fr/) using the Paramecium KdE2 sequence. To localize
the striated rootlet family members we added the coding sequence for a three-fold
repeated FLAG (DYKDDDK) sequence to the 5’ end of the genomic DNA sequence for
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thirteen of the known Paramecium striated rootlet genes. The genes KdA2
(GAPATG00007006001), KdA10 (GSPATG00010287001), KdB2
(GSPATG00008129001), KdC1 (GSPATG00017369001), KdD2
(GSPATG00033989001), KdD3 (GSPATG00011977001), KdD4
(GSPATG00034929001), KdE2 (GSPATG00142274001), KdE5
(GSPATG00020957001), KdF1 (GSPATG00036966001), KdG1
(GSPATG00001334001), KdG3 (GSPATG000020332001), KdG5
(GSPATG00025686001) were inserted into the pPXV plasmid using the restriction
endonucleases specific to the primer sets. The gene specific primers are listed in table
3.1. Platinum®pfx Polymerase (Invitrogen/Life Technologies, Grand Island, NY, USA)
was used per the vendor’s instructions to amplify the sequence. A total of 100 ng of
genomic DNA was used in each PCR. All reactions were initially denatured at 95°C for
5 minutes followed by 40 cycles of 95°C for 1 minute, a gene specific annealing
temperature for 1 minute, 68°C for 1 minute and a final extension of 68°C for 10 minutes
(Eppendorf Mastercycler Pro, Hauppauge, NY, USA). The products were cleaned using
the PrepEasy™ Gel Extraction kit (Affymetrix, Cleveland, OH, USA). The resulting
DNA was treated with restriction enzymes, cleaned again using the PrepEasy™ Gel
Extraction kit and ligated into the pPXV-5’-3xFLAG plasmid using the Ligate-IT™ kit
(Affymetrix). The mixture was then transformed into OneShot® competent cells
(Invitrogen/Life technologies, Grand Island, NY, USA) and the resulting colonies were
screened for positives. Positive clones were sequenced at the Vermont Cancer Center
DNA Analysis Facility (University of Vermont, Burlington, VT).
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Plasmid Injection
Approximately 200 µg of pPXV-5’-3xFLAG containing a particular striated
rootlet family member gene sequence was linearized with Not I (Affymetrix) overnight at
37°C and then cleaned using an organic extraction method modified from that described
earlier. This procedure required 2 washes in phenol:chloroform:isoamyl alcohol (25:24:1)
followed by 2 washes of chloroform:isoamyl alcohol (24:1). The final pellet was
resuspended in 50 µL of MilliQ water and the concentration was checked using a
spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). The sample was spun
at 16,000 x g (Eppendorf Centrifuge 5424) for 10 minutes to pellet debris. The top 45 µL
was carefully removed and placed in a fresh RNase/DNase-free 0.5 mL Eppendorf tube
and was again dried in a speed vac. The final pellet was resuspended in MilliQ water to
obtain a concentration 5 µg/µL and stored at 4°C until injection.
Approximately 20 cells which had recently undergone autogamy were placed
under high temperature silicon oil to immobilize them. Approximately 5 to 50 pg of the
plasmid was injected into the macronucleus of each cell using a pulled capillary tube and
a Narishige micromanipulator (Narishige International USA, Inc., East Meadow, NY,
USA). Individual injected cells were transferred to 1 mL of inoculated culture fluid in
depression slides and incubated in a humidifying chamber at 25°C overnight, allowing
the cells to recover and divide. Cells were then transferred to test tubes with inoculated
culture fluid and maintained at 15°C as individual clones. Genomic DNA was extracted
from the clone cultures as described previously (see Organic Extraction of Genomic
DNA) and tested with PCR using plasmid-specific primers: the forward primer for the
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specific genes are the same forward primers listed in table 3.1 and a reverse primer (5’ttatttaagtgttgttcattta – 3’), which was specific for the plasmid. One µL (approximately
400 ng) of DNA was used in each PCR reaction: one cycle of 95°C for 5 minutes
followed by 30 cycles of 95°C for 1 minute, 44°C for 1 minute, and 68°C for 1 minute,
followed by a final 5 minute extension step at 68°C. PCR products were analyzed on a
1% agarose gel and were stained with ethidium bromide.

Localization and Visualization of FLAG-Striated Rootlet Family Components
We tested small cultures of individual clones to ascertain whether the cells expressed
the protein and where it was localized. A 10 mL culture of injected cells was added to 50
mL of inoculated culture fluid and grown at 22°C for approximately 48 to 72 hours. The
cells were immunostained and imaged as described below.

Immunofluorescence
100 mL of cultured cells were collected by centrifugation (IEC clinical centrifuge,
Damon/IEC Division, Needham Heights, MA, USA) and rinsed twice in 100 mL of
Dryl’s solution. The cell volume was reduced to approximately 100 µL in a 1.5 mL
Eppendorf tube before 1 mL of PHEM buffer [60 mM PIPES (1,4Piperazinediethanesulfonic acid), 25 mM HEPES (2-[4-(2-hydroxyethyl)piperazin-1-yl]
ethanesulfonic acid), 2 mM MgCl2, 10 mM EGTA (ethylene glycol tetraacetic acid), and
1.0% Triton X-100) was added. Cells sat undisturbed for 5 minutes, were then spun at
250 x g (IEC Clinical centrifuge), the supernatant was removed and the pellet (cells) was
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mixed with 1 mL of Fixation buffer [2% paraformaldehyde (Electron Microscopy
Sciences, Hatfield, PA, USA), 2 mM NaH2PO4·H2O, 8 mM Na2HPO4, 150 mM NaCl, pH
7.5]. Samples were undisturbed for 10 minutes at 25°C and then washed three times in 1
mL of Blocking Buffer (2 mM NaH2PO4·H2O, 8 mM Na2HPO4, 150 mM NaCl, 10 mM
EGTA, 2 mM MgCl2, 0.1% Tween-20, 1% or 3% BSA, pH 7.5).
Primary antibodies for the immunostaining for localization of the FLAG-tagged
striated rootlet family members were: mouse Anti-FLAG, M2 clone at a 1:500 dilution
(Sigma) and Anti-centrin at a 1:1000 dilution (Anti-Tetrahymena centrin, gift from Dr.
Mark Winey, University of Colorado, Boulder, CO) and Anti-KDF at a dilution of 1:400
(Gift, Dr. Janine Beisson, Centre de Génétique Moléculaire, Gif-sur-Yvette, France).
Primary antibodies in 100 µL of blocking buffer were mixed with the cells and the cells
sat undisturbed at 25°C for 1 hour. The cells were recovered by centrifugation at 250 xg
(IEC Clinical Centrifuge) and were then washed three times in blocking buffer or Wash
buffer (2 mM NaH2PO4·H2O, 8 mM Na2HPO4, 150 mM NaCl, 0.1% Tween-20, 1% BSA,
pH 7.5). The cells were mixed with 100 µL of blocking buffer with 1:200 secondary
antibodies. Secondary antibodies (Molecular Probes/Invitrogen, Grand Island, NY,
USA) included: AlexaFluor® goat anti-mouse 488 or 555 and AlexaFluor® goat antirabbit 488 or 568. After 1 hour of incubation the cells were washed three to five times
with blocking or wash buffer. Following the final wash, the cells were pelleted as before
and one drop (~15 µL) of VectaShield® (Vector Labs, Burlingame, CA, USA) was
added. Tubes were wrapped in aluminum foil and stored at 4°C until use.
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Imaging of the immunostained cells was done using a DeltaVision® Restoration
Microscopy System (Applied Precision, Issaquah, WA, USA) consisting of an inverted
Olympus IX70 microscope and a Kodak CH350E camera. Seven µL of prepared cells
were placed under a glass coverslip and imaged at 20-22°C using either a PlanApo 60x or
100x /1.40 oil-immersion objective and deconvolved and analyzed using SoftWoRx®
Pro software (Applied Precision).

GST Tagged Construct Expression, Inclusion Body Solubilization and Glutathione
Sepharose Affinity Purification
The entire C-terminus of MKS3 was expressed with a GST tag for use in a GST
pull down. The construct was created by amplifying position +2094 to +2856 of
GSPATG00015939001 and was ligated into pGEX-2TK by GenScript (GenScript,
Piscataway, NJ, USA). The GST-MKS3 C-terminus and GST were transformed into BL21 cells.
Positive transformants were grown in 5 mL LB-AMP (100 µg/mL) media at 37°C
overnight with shaking. The 5 mL cultures were used to inoculate 100 mL cultures of
LB-AMP media which shook at 37°C until an O.D.595 of 0.8 was reached. The cells were
induced with IPTG (1 mM final concentration) for 3 hours with shaking. The cells were
transferred to 250 mL centrifuge bottles and recovered via centrifugation at 7000 x g for
7 minutes in a Beckman J2-21 centrifuge in a Beckman JA-14 rotor at 4°C. The pellet
was resuspended in 6 mL STE buffer (10 mM Tris pH=8.0, 150 mM NaCl, 1mM EDTA,
pH=8.0) plus protease inhibitors (1 mg/mL Phenylmethylsulfonyl fluoride (PMSF),
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100µg/mL Leupeptin, 100µg/mL Pepstatin and 100µg/mL Iodoacetic acid). 100 µg/mL
of Lysozyme was added to the samples and the samples were incubated on ice for 15
minutes. Following the incubation, dithiothreitol (DTT) (RPI, Corp., Mount Prospect, IL,
USA) was added to a final concentration of 5 mM. The bacteria were lysed by the
addition of N-Laurylsarcosine salt to a final concentration of 1.5%. The samples were
vortexed for 5 seconds followed by sonication on ice for 30 seconds in 10 second
intervals. Following sonication the lysate was transferred to a 30 mL polycarbonate
Oakridge tube and was centrifuged for 5 minutes at 10000 x g in a Beckman J2-21
centrifuge in a JA-17 rotor at 4°C. The supernatant was decanted into a 15 mL screw top
tube and Triton X-100 was added to a final concentration of 2%. Fresh protease
inhibitors (1 mg/mL Phenylmethylsulfonyl fluoride (PMSF), 100µg/mL Leupeptin,
100µg/mL Pepstatin and 100µg/mL Iodoacetic acid) were added and the lysate was
frozen at -80°C. The insoluble pellet was soaked in 2 mL ST buffer (50 mM Tris
pH=8.0, 300 mM NaCl, 5 mM ZnCl2, 10 mM 2-Mercaptoethanol) with 10% NLaurylsarcosine salt added overnight at 4°C in the presence of protease inhibitors. The
following day the frozen supernatant was thawed and used to dilute the 10% Sarkosyl
solubilized pellet down to a 2% Sarkosyl concentration. To facilitate binding and
glutathione affinity purification 3-[(3-Cholamidopropyl)dimethylammonio]-1propanesulfonate (CHAPS) and Triton X-100 were added to the 2% Sarkosyl solution to
final concentrations of 40 mM and 4% respectively; the solution was gently mixed to
dissolved the CHAPS. The 2% Sarkosyl + 4% Triton X-100 + 40 mM CHAPS solution
was incubated with 1mL Glutathione Sepharose beads (GE Healthcare Life Sciences,
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Pittsburgh, PA, USA) for 1 hour at 4°C with rocking to facilitate GST binding. The
beads were collected via centrifugation at 250 x g in an IEC Clinical centrifuge and were
washed 4 times in a 1 M MgCl2 buffer to remove bacterial proteins from the GST and
GST-MKS3 proteins. The beads were then washed in Phosphate buffered Saline buffer
(137 mM NaCl, 2.7 mM KCl, 10.4 mM Na2HPO4, 1.7 mM KH2PO4) 4 times. Proteinbound beads were stored at 4°C in PBS buffer for up to 1 week.

GST Pull Down
Paramecium expressing FLAG (control) or one of the FLAG-striated rootlet (test)
family members were maintained in a large culture (3 to 6 L of Improved wheat culture
fluid) at 22°C until a density of approximately 9,000 cells per mL was achieved. The
expressing cells were concentrated to 500 mL using an IEC-HNSII continuous flow
centrifuge. The cells were pelleted by centrifugation at 200 xg for 2 minutes using an
IEC-HNSII clinical centrifuge. The cells were washed once in 200 mL of room
temperature Dryl’s solution followed by two successive washes in 100 mL of LAP 200
(50 mM HEPES, 200 mM KCl, 1 mM EGTA, 1 mM MgCl2, 1 mg/mL
Phenylmethylsulfonyl fluoride (PMSF), 100µg/mL Leupeptin, 100µg/mL Pepstatin and
100µg/mL Iodoacetic acid, pH=7.4) buffer. Following each wash the cells were
centrifuged as just described. The cells were then homogenized with 50 strokes in a cold
55 mL Wheaton homogenizer in 10 mL of LAP 200 buffer (with all protease inhibitors).
The homogenized sample was transferred to a 35 mL polycarbonate Oakridge tube and
Triton X-100 was added to a final concentration of 1%; samples were solubilized for 1
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hour at 4°C with rocking on ice. During the hour, glutathione sepharose beads (GE
Healthcare Life Sciences) and glutathione sepharose beads attached to either GST or
GST-MKS3 were prepared by washing three times in LAP200 buffer with 1% Triton X100. The solubilized cell lysate was centrifuged in a Beckman J2-21 centrifuge, JA-17
rotor, at 31,000 xg for 20 minutes at 4°C. The lysate was divided into 5 mL aliquots and
incubated with 200 µL of washed glutathione sepharose beads (with fresh protease
inhibitors) for 1 hour with rocking on ice. The pre-cleared lysates were transferred to 30
mL glass centrifuge tubes and were centrifuged in a Beckman J2-21 centrifuge, JA-17,
rotor at 31,000 xg for 25 min. The clarified lysate was recovered and was incubated with
200 µL of glutathione sepharose beads attached to GST or GST-MKS3 for 1 hour at 4°C
on ice with rocking. Following the incubation, the beads were recovered by
centrifugation at 200 xg in a IEC clinical centrifuge and were washed four times in cold
LAP200 buffer containing 1% Triton X-100. Following the washes, the beads were
resuspended 1:1 in 2x SDS sample buffer ((10% by volume) glycerol, 62.5 mM TrisHCL, pH=6.8, 2% SDS, 0.01 mg/mL Bromophenol blue) and were stored at -80°C until
use.
GST pull-down samples were thawed and 3% β-mercaptoethanol was added prior
to boiling for 5 minutes. The samples were then centrifuged at 16,000 x g for 2 minutes
to pellet the beads. 50 µL of boiled sample was loaded into a 5-18% SDS
polyacrylamide gel with a 4% stacking gel. The samples were run against a high
molecular weight PageRuler™ pre-stained protein marker to determine approximate
molecular weights for the resolved proteins.
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Liquid Chromatography Tandem Mass Spectrometry Analysis
GST pull-down samples used for mass spectrometry analysis were prepared as
described in Picariello et al., 2014. Samples were analyzed by LC-MS/MS on a linear
ion trap (LTQ) Mass Spectrometer. Half the material was loaded onto a 100 um x 120
mm capillary column packed with MAGIC C18 (5 um particle size, 20 nm pore size,
Michrom Bioresources, CA) at a flow rate of 500 nL/min. Peptides were separated by a
gradient of 5-35% CH3CN/ 0.1% formic acid over 30 minutes, 40-100% CH3CN /0.1%
formic acid in 1 minute, and 100% CH3CN for 10 minutes.
Product ion spectra were searched using the SEQUEST search engine on
Proteome Discoverer 1.4 (Thermo Fisher Scientific, MA) against a curated Paramecium
tetraurelia database with sequences in forward and reverse orientations. The 13 raw files
from “control” and the 13 raw files from “test” samples were searched as one contiguous
input file and a single result file was generated for each. The database was indexed to
allow for full trypsin enzymatic activity, two missed cleavages, and peptides between the
MW of 350-5000. Search parameters set the mass tolerance at 2 Da for precursor ions
and 0.8 Da for fragment ions. The result files were then searched against the Scaffold
software 4.0.5 (Proteome Software, OR). Cross-correlation (Xcorr) significance filters
were applied to limit the false positive rates to less than 1% in both data sets. The Xcorr
values were as follows: (+1): 1.8, (+2): 2.7, (+3): 3.3, (+4): 3.5. Other filters applied were
a minimum peptide cutoff of 2 as well as DeltaCN >0.1. Ultimately, the confidence
parameters resulted in 1.0% false discovery rate (FDR) at the protein and peptide level
for both the control and test results.
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Western Blot Analysis of GST Pull-Down Samples
The proteins resolved via SDS polyacrylamide gel electrophoresis were
transferred to a BioTrace™ nitrocellulose membrane (Pall biosciences using a Hoeffer
TE22 tank transfer unit. The western blots were submerged in transfer buffer (0.04 M
Gylcine, 0.05 M Tris base and 20% Methanol) and transferred at 250 mA for 75 minutes
followed by transfer at 390 mA for 75 minutes. Following transfer, the nitrocellulose
was blocked in best blocking buffer (0.5 g skim milk powder, 200 µL Teleost gelatin, 300
µL normal goat serum (Vector)) dissolved in 10 mL of 1x TBS-T (1.5 mM Tris-HCL,
0.014 M NaCl, 0.01% Tween-20, 4 mM Tris base) on a rocker at 25°C for 1 hour. After
1 hour a 1:2,500 dilution of mouse Anti-FLAG, M2 clone was added to the buffer and the
western blot was incubated at 4°C with rocking overnight. The following day, the buffer
was decanted and the blot was washed 4 times in 1x TBS-T for 15 minutes each at 25°C.
Following the washes, the blot was incubated in Goat Anti-Mouse secondary antibody
(1:10,000), conjugated to alkaline phosphatase, dissolved in 10 mL 1x TBS-T at 25°C for
1 hour with rocking. The secondary antibody was decanted and the blot was washed 4
times in 1x TBS-T at 25°C with rocking for 15 minutes each. The western blot was
developed in 10 mL Nitro Blue Tetrazolium / 5-bromo-4-chloro-3’-indolyl phosphate
(NBT/BCIP) (Moss Inc) until bands were visible. The reaction was stopped by washing
the blot in 1x TBS-T several times. The blots were imaged, dried and stored in plastic
wrap.
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Primer Name
KdE5_NheIF
KdE5_KpnIR
KdF1_NheIF
KdF1_KpnIR
KdG1_NheIF
KdG1_KpnIR
KdG3_NheIF
KdG3_KpnIR
KdG5_NheIF
KdG5_KpnIR
KdD4_NheIF
KdD4_KpnIR
KdD2_NheIF
KdD2_KpnIR
KdD3_NheIF
KdD3_KpnIR
KdA2_NheIF
KdA2_KpnIR
KdA10_NheIF
KdA10_KpnIR
KdC1_NheIF
KdC1_KpnIR
KbB2_SpeIF
KbB2_NheIR
KdE2_SacIF
KdE2_KpnIR

5' to 3' Sequence
GCG GCT AGC ATG TCT GAG AAT ATC TAA AAT AGA G
GCG GGT ACC TCA TAA ATT CAT TTC TAA CAT TTC TC
GCG GCT AGC ATG TCA AAT AAT AGA AG
GCG GGT ACC TCA TGC TAG TTA AGC
GCG GCT AGC ATG AAT CCA AAT ACA CCC TTC
GCG GGT ACC TCA GTC TTT TGC TGC TCT G
GCG GCT AGC ATG AAT CCA AAT ACA CCA TTC AAC G
GCG GGT ACC TCA ATC TTT TGC TGC TCT GTA AAT C
GCG GCT AGC ATG AAT CCC AAT ACA CCT TTC
GCG GGT ACC TCA ATC CTT GGC TGC TCT G
GCG GCT AGC ATG TCC AGA GTC AAA CAA TC
GCG GGT ACC TCA TAA ATT TGC TGC AAT GC
GCG GCT AGC ATG TAC AAT TCA AGA TCC TAA G
GCG GGT ACC TCA TAA ATT TGC TGC AAT ACT G
GCG GCT AGC ATG TAT AAT TCA AGA TC
GCG GGT ACC TCA TAG ATT TGC TGC
GCG GCT AGC ATG GCT CCT CCT CCA GTT C
GCG GGT ACC TCA TAT ATT ATT ATT TAA ATT TGA TC
GCG GCT AGC ATG TCC TTC TAT CCT GGC
GCG GGT ACC TCA GAA TGG TCT GTA TCC
GCG GCT AGC ATG GCT ACC CCT CAA TC
GCG GGT ACC TCA TAT TGT TGT TTC CAA AC
GCG ACT AGT ATG TAA ACT CCA CAA ATT CCA GC
GCG GCT AGC TCA TCC ATT GAA TCC ATC GAT TG
GCG GAG CTC ATG TCA GAA ATT ATC TAA AAT AGA G
GCG GGT ACCT CA TAA GTT CAT TTC TAA CAT TTC

Table 3.1: Primers Used To Amplify Striated Rootlet Family Members For
Generation Of N-terminal FLAG Tag Constructs
Primer name indicates the gene the primer sets are designed to amplify as well as the
enzymes that were used to treat the PCR product for ligation into pPXV.
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Results

Data Mining And Construct Design
The sequences for 26 of the 27 striated rootlet family genes in Paramecium were
found using the Paramecium KdE2 (GSPATG000142274001) sequence and the
annotated Paramecium genome (ParameciumDB, http://paramecium.cgm.cnrs-gif.fr/;
Figure 3.1 shows a phylogeny of Paramecium striated rootlet family genes based on
amino acid sequence). KdE2 is found on scaffold 41 and contains five introns. It is
located from position +31937 to +32825. It is 889 nucleic acids long and codes for 249
amino acids, similar to the other striated rootlet family genes. The Paramecium striated
rootlet family genes code for proteins between 25 – 35 kDa. Thirteen of the known
Paramecium striated rootlet family genes were tagged. KdA2 (GAPATG00007006001),
KdA10 (GSPATG00010287001), KdB2 (GSPATG00008129001), KdC1
(GSPATG00017369001), KdD2 (GSPATG00033989001), KdD3
(GSPATG00011977001), KdD4 (GSPATG00034929001), KdE2
(GSPATG000142274001), KdE5 (GSPATG00020957001), KdF1
(GSPATG00036966001), KdG1 (GSPATG00001334001), KdG3
(GSPATG000020332001), KdG5 (GSPATG00025686001) were selected and tagged
with a 5’ 3x-FLAG-tag. Full-length gene sequences were used for generating the FLAGtagged constructs. Striated rootlet family members A2, A10, B2 and C1 do not contain
any putative conserved domains unlike striated rootlet family members D2, D3, D4, E2,
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E5, F1, G1, G3, and G5 which all contain conserved SF-assemblin domains (figure 3.2)
that are characterized by segmented coiled coil motifs.

GST-Pull Down Results From Wild Type (51-S) Whole Cell Extracts Using the
MKS3 Coiled Coil Domain As Bait
Initial GST pull-down experiments were performed from whole cell extracts of
51-S Paramecium tetraurelia using GST as a control bait and GST fused to the Cterminal coiled coil domain of MKS3 as a test bait. The results were separated on a 518% polyacrylamide gel and the gel was silver stained. The test and control lanes were
cut into slices and subject to in gel tryptic digest and LC-MS/MS analysis. We
previously reported the identification of KdB2 in these experiments (Picariello et al.,
2014). Here we add the identification of another striated rootlet family member, KdC1.
A total of 3 peptides were identified for KdB2 and 2 peptides were identified for KdC1
(Table 3.2). The peptide coverage for each striated rootlet family protein is highlighted
in the appropriate amino acid sequence (Figure 3.3). However, the control in the first
experiment was insufficient due to a smaller volume of sample being loaded in the
control lane. Although these data are consistent with MKS3 functioning in the link
between the basal body and the striated rootlet, the results are questionable due to the
nature of the control. Despite this, no striated rootlet family member peptides were
detected in the control lane in either experiment.
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FLAG-Tagged Striated Rootlet Family Member Immunofluorescence Localization
Control cells were derived from cells that were injected with the empty FLAG
vector to ensure that the injection procedure and the expression of the FLAG peptide did
not adversely affect the cells. The control cells show no staining by the anti-FLAG
antibody in the striated rootlet (Figure 3.4). Any staining that is visible is nonspecific
and does not indicate any specific FLAG localization. The FLAG-striated rootlet family
member expressing cells showed a staining pattern significantly different from that of the
control cells. Clear FLAG localization to the striated rootlet can be seen for KdD2, D3,
D4, E2, E5, F1, G1, G3 and G5. Comparing the Anti-FLAG antibody staining (figures
3.5 and 3.6) to the Anti-KDF antibody staining in figure 3.4 further supports the
localization of these components to the rootlet. The components seem to localize
uniformly throughout the striated rootlet as evidenced by the anti-FLAG staining seen
from above the dorsal surface and in profile (Figures 3.5 and 3.6 respectively)
Striated rootlet family members KdA2, KdA10, KdB2 and KdC1 did not localize
to the striated rootlet. Images for the distribution of KdA2, A10, B2 and C1 can be seen
from above in figure 3.7 and in profile in figure 3.8. KdA2 and A10 localized to the
epiplasmic scales. FLAG staining for KdA2 was present throughout the scale with the
periphery having more intense FLAG staining relative to the center of the scale. This
localization is consistent with KdA2 belonging to the Symmetric 1a family of
epiplasmins which have been shown to localize throughout the core of epiplasmic scales
with the exception of the area where we expect the basal body to be inserted (see yellow
wedges in figure 3.8 (Aubusson-Fleury et al., 2013). KdA10 was also found in the
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epiplasmic scales and showed a much more sporadic distribution than KdA2. KdA10
showed non-uniform localization across the epiplasmic scales with some scales having
higher fluorescence than others. In the scales with a more intense FLAG signal, KdA10
localized to the region immediately surrounding the expected site of basal body insertion
(see red wedge in Figure 3.8). This staining localization is consistent with KdA10 being
part of the Symmetric 3b family of epiplasmins, which localize to the core of the
epiplasmic scale and form a ring at the center (Aubusson-Fleury et al., 2013). KdB2
showed distribution throughout the cytoplasm and did not seem to localize to a
discernable structure. KdC1 was not found in the striated rootlet but shows localization
to the basal body area and also to the cilia.
All of the images in figures 3.2 - 3.5 are presented at 100x magnification. The
images are stacks of Z sections to ensure the entirety of the striated rootlet is visible.
Scale bars are 10 µm in length and immunofluorescence experiments were repeated
between 7 and 12 times depending on the injected cell line.

GST-Pull Down Results From FLAG-Tagged Striated Rootlet Family Member
Expressing Cells Using The MKS3 C-Terminal Domain As Bait
Based on the initial GST pull-down results from wild type cells, GST pull-down
experiments were performed from whole cell extracts of control cells (cells expressing
FLAG-pPXV) and cells expressing FLAG-tagged striated rootlet family members. For
these experiments a new bait encompassing the entire C-terminus of MKS3 was fused to
GST. The results were separated on a 5-18% polyacrylamide gel and transfered to
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nitrocellulose for use in Western blot analysis. Western blots were developed using a
1:2500 dilution of Mouse Anti-FLAG primary antibody and a 1:10,000 dilution of Goat
Anti-Mouse secondary antibody conjugated to alkaline phosphatase.
Two distinct results were observed for the GST pull-down experiments. First,
certain GST pull-downs showed no interaction between MKS3 and FLAG-tagged striated
rootlet family components (Figure 3.9). The image in Figure 3.9 shows a GST pull down
from cells expressing one of the following: FLAG, FLAG-KdD4 or FLAG-KdG1. In the
control lanes (lanes 2 and 3) neither the test (GST-MKS3) bait nor the control (GST) bait
pulled out any interacting partners from cells injected with the control plasmid (FLAG
expressing). In the test lanes, lanes 5 and 6 (FLAG-KdD4 expressing) or in lanes 8 and 9
(FLAG-KdG1 expressing) no bands are present at the expected molecular weight of ~32
kDa. This suggests that MKS3 does not interact with either of these components and it
also suggests that these components do not interact non-specifically with GST.
Figure 3.10 shows the second type of a GST pull-down result. This experiment
was performed from cells expressing FLAG (lanes 3and 5) or FLAG-KdD2 (lanes 7 and
9). As suspected neither the test (GST-MKS3) bait nor the control (GST) bait pulled out
any interacting partners from cells injected with the control plasmid (FLAG expressing).
In cells injected with the FLAG-KdD2 plasmid a band is present at the expected size of
approximately 35 kDa in both the control bait and test bait lanes. This may indicate that
the component is interacting with GST alone, causing a band in both lanes, or that the
component is interacting with GST and MKS3, which would also result in a band in both
the test and control lanes. This result is in contrast to the results presented in Figure 3.9
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where neither striated rootlet family member (KdD4 or KdG1) is capable of interacting
with GST or GST-MKS3.
The bands at approximately 25 kDa are non-specific interactions between
expressed GST and the Anti-FLAG antibody (figure 3.9 and 3.10). This is most likely
due to the extremely high level of GST in the control samples. This amount of expressed
GST could also be contributing to the presence of a band (at ~35 kDa) in the control lane
(lane 9) in figure 3.10. To test this, significantly less GST could be used for the
experiment or GST would need to be removed prior to testing the interaction between the
tagged striated rootlet family members and MKS3.
Due to the potential interaction with GST (Figure 3.10), the current GST pulldown approach is not capable of determining which striated rootlet family members
interact specifically with MKS3. However, this approach may allow us to narrow down
the field of potential interactors by highlighting the striated rootlet family members that
are not capable of forming an interaction (with either GST or GST-MKS3). GST pulldowns with the remaining FLAG-tagged striated rootlet family members may be able to
address this question.
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Figure 3.1: Phylogenetic Tree Of Paramecium Striated Rootlet Family Members
This phylogenetic tree was generated based on the amino acid sequences of the 27
Paremecium striated rootlet family members. The tree separates the component groups
based on amino acid sequence relatedness. The Chlamydomonas striated fiber assemblin
(SF-asemblin) sequence was included based on the fact that certain striated rootlet family
members contain a conserved SF-Assemblin domain.
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Figure 3.2: SF-Assemblin Domain Conservation In Striated Rootlet Family Member
KdE2
The conserved SF-Assemblin domain is present in striated rootlet family members D2,
D3, D4, E2, E5, F1, G1, G3, and G5. These domains are characterized by a segmented
coiled coil structure. The N and C-termini of the proteins contain no conserved structure
and may be important for the interaction of different components when forming a
protofilament.
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Paramecium DB
Accession Number

Molecular
Weight

Peptides
(Control)

Peptides
(Test)

Unique
Peptides

Name

GSPATG00008129001

36 KDa

0

3

2

KdB2

GSPATG00017369001

34.2 KDa

0

2

1

KdC1

Table 3.2: A Table Of Striated Rootlet Family Members Identified In A GST Pull
Down With The MKS3 Coiled Coil Domain As Bait
The table lists the total number of peptides for each protein in the test and control lanes
that were identified by MS/MS analysis.
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Figure 3.3: Striated Rootlet Family Proteins Identified Via MS/ MS Analysis Using
The MKS3 Coiled Coil Domain As Bait
Accession numbers refer to the annotated Paramecium genome. The unique peptides
identified in the test lane from each protein are highlighted in red.

A. Paramecium KdB2 amino acid sequence GSPATP00008129001
MQTPQIPAVVSIRPFTVPSRFLATATNKSRALGEDFDVRIANQASESSYFLLEHVN
GAVYRIKPATHPDHFVFCSNDNHRKFGNDFDVRTHHFAEPRNNWIIENVGWSTF
TIRSETNPNFYLFAADDGSNAHQGELDVRTHAHHEERNLWFIVTIPNIVHPYPLLQ
QPPVVSLRPVLLPQHYLTFAETHQQFQSDFAVKARGAKTDKTQFFLDRVQGNVF
TIRSAASPLYYLFCANGQAYNQWGDFDARFHTHKEPRNNWIIEPAGPGYWTIKS
ATNPNHFLFGLQDEGNGHEFSVRTHPFVEDRNKWAIDGFNG

B. Paramecium KdC1 Amino Acid Sequence GSPATP00017369001
MATPQSLSPAPLQSLGDFTAKKLVEDDFSTGKATLKVKASANGGGIANYKGTLD
IAKSLAPGQETKFQFPYNNYYFWFATRKEQTKVHVDFGKFNIIKQQSLFANVQFY
NSSSKSTIRFGSVYEGQKCLSHARFEWLNQDKVNFLLRSQVKHNNWVYVVASQ
LCLSKKEFDKLDFLVGYQTQNYDVYFRHITNQIPSFPLFSNFGIGKFLVDAVFRKN
SNQYGFEIEYLPVSRVQVLLAASTKFQGADVKARLNVLNKTVGLSAKGKFNNTF
SWTLATQVPVDGKCPSKCGILPVPLGITLETTI
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Figure 3.4: FLAG Expressing Cells Stained With Anti-KDF And Anti-FLAG
Antibodies
The Anti-KDF antibody specifically decorates the entire striated rootlet (red) while the
Anti-FLAG antibody shows weak and diffuse intracellular staining (green). The bottom
panel is an enlarged view of the striated rootlets stained with the Anti-KDF antibody.
Scale bars are 10 µm in the whole cell images and ~2 µm in the insert.
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D2

E2

G1

D3

E5

G3

D4

F1

G5

Figure 3.5: Cells Expressing FLAG-tagged Striated Rootlet Family Members
Stained With Anti-FLAG And Centrin Antibodies
The Anti-FLAG antibody (green) specifically recognizes the FLAG epitope fused to the
indicated striated rootlet family members while Anti-Centrin (red) labels the basal bodies.
Components D2, D3, D4, E2, E5, F1, G1, G3 and G5 contain conserved SF-Assemblin
domains and are found within the itself. Their distribution within the rootlet is uniform
and shows relatively consistent staining intensity. The scale bars are 10 µm.
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EV
D2
D3
D4
E2
E5
F1
G1
G3
G5
Figure 3.6: Profile Views Of Striated Rootlet Family Members That Localized
Within The Rootlet
Images are stained with the Anti-FLAG antibody (green) to highlight the epitope tagged
striated rootlet family members and Anti-Centrin (red) to label the basal bodies. Profile
views of the expressed components show the extent to which the epitope tagged
components are incorporated into the rootlet itself. Components D2, D3, D4, E2, E5, F1,
G1, G3 and G5 contain conserved SF-Assemblin domains and are distributed throughout
the rootlet. Scale bars are ~2 µm.
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A2

B2

A10

C1

Figure 3.7: Localization Of Striated Rootlet Family Members Lacking SFAssemblin Domains
Cells are stained with the Anti-FLAG antibody recognizing the FLAG epitope. The
staining pattern in these cells indicates that striated rootlet family mambers lacking an
SF-Assemblin domain do not localize to the striated rootlet. Components A2 and A10
localize to the epiplasmic scales. Component B2 has intracellular localization and
component C1 has basal body and ciliary localization. All scale bars are 10 µm.
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Figure 3.8: Profile Views Of Striated Rootlet Family Members That Did Not
Localize Within The Striated Rootlet
Images are stained with the Anti-FLAG antibody (green) to highlight the epitope tagged
striated rootlet family components. KdA2 and A10 localize to the epiplasmic scales. The
yellow wedges in the KdA2 image indicate the sites of basal body insertion and are
characterized by a decreased staining intensity relative to the rest of the epiplasmic scale.
The red wedge in the KdA10 image indicates increased staining intensity at the center of
the epiplasmic scale near the site of basal body insertion (also shown in figure 3.7).
KdB2 did not show localization at the cell surface and KdC1 localized at the basal body
and in the cilia (see figure 3.7). Scale bars are ~2 µm.
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Figure 3.9: GST Pull-Down Western Blot From Cells Expressing FLAG-tagged
KdD4 And KdG1
Whole cell extract GST Pull Down from cells expressing striated rootlet family members
D4 and G1. Pull Downs from FLAG expressing cells using GST and GST-MKS3 as bait
are seen in lanes 2 and 3 respectively. Pull Downs from FLAG-KdD4 expressing cells
with GST and GST-MKS3 as bait are seen in lanes 5 and 6 respectively. Pull Downs
from FLAG-KdG1 expressing cells with GST and GST-MKS3 as bait are seen in lanes 8
and 9 respectively. Lane 1 contains 0.2 µg of FLAG-CBD peptide as a positive control.
Molecular weight marker values are listed to the right. The bands at ~25 kDa in lanes 3,
6 and 9 are nonspecific interactions of expressed GST and the anti-FLAG antibody. No
bands are present at the expected molecular weight of ~32 kDa.
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Figure 3.10: GST Pull-Down Western Blot From Cells Expressing FLAG-tagged
KdD2
Whole cell extract GST Pull Down from cells expressing striated rootlet family member
D2. Pull Downs from FLAG expressing cells using GST and GST-MKS3 as bait are
seen in lanes 3 and 5 respectively. Pull Downs from FLAG-KdD2 expressing cells with
GST and GST-MKS3 as bait are seen in lanes 7 and 9 respectively. Lane 1 contains 0.2
µg of FLAG-CBD peptide as a positive control. Molecular weight marker values are
listed to the right. The bands at ~25 kDa in lanes 3 and 9 are nonspecific interactions of
expressed GST and the anti-FLAG antibody. The ~35 kDa bands in lanes 7 and 9 are the
expected size of FLAG-KdD2.
126

Discussion
Paramecium tetraurelia has 27 potential striated rootlet family member genes. In
this study, thirteen of these genes were chosen as representative examples of the paralog
groups present in the Paramecium genome. Phylogenic analysis produced 7 groups
based on amino acid sequence homology and the large number of striated rootlet family
member genes most likely indicates that these genes have undergone several duplications
during Paramecium evolution. Nine out of the thirteen genes selected have predicted SFAssemblin domains characterized by a segmented coiled coil structure. Proteins from
these nine genes, KdD2, D3, D4, E2, E5, F1, G1, G3, and G5, localized within the
striated rootlet based upon immunofluorescence analysis (Figure 3.5 and 3.6). Proteins
from the remaining four genes KdA2, A10, B2 and C1 were not predicted to have an SFAssemblin domain. These proteins were not found in the striated rootlet but were found
elsewhere in the cell: KdA2 and KdA10 were found in the epiplasm. KdB2 was found in
a diffuse intracellular pattern and KdC1 was found at the basal bodies and in the cilia
(Figure 3.7 and 3.8). These data support the idea that the SF-Assemblin domain is one of
the requirements for localization to the striated rootlet. This finding agrees with work
previously done on Chlamydomonas SMAFs (Patel et al., 1992).
The striated rootlet family members with a SF-Assemblin domain were found
within the rootlet. These rootlet components showed a relatively uniform localization
throughout the length of the rootlet (Figure 3.6 and 3.7). The work of Patel and
colleagues suggests that individual striated rootlet subunits overlap to generate a striated
rootlet protofilament and the interaction of multiple protofilaments forms the basis of the
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striated rootlet structure (Patel et al., 1992). Protofilaments in Paramecium could be
generated in two ways. First, the individual protofilaments could be composed of
multiple different striated rootlet family members. The second possibility is that
individual protofilaments are uniformly composed of a single striated rootlet family
member. The interaction of multiple protofilaments (of either type) to form the striated
rootlet would ensure that individual striated rootlet family members are distributed
uniformly throughout the length of the rootlet. The immunofluorescence data presented
here could support either method of assembly. More in depth structural studies and highresolution localization studies will be necessary to determine the exact composition of
protofilaments and their mechanism of assembly.
The localizations of KdA2 and KdA10 suggest that these striated rootlet family
members are part of the epiplasmic scales. The epiplasmic scales are composed of a
group of proteins called epiplasmins, which are divided into multiple families, each of
which shows a slightly different localization within the epiplasmic scale. The epiplasmic
scales are a permanent cytoskeletal structure located just below the cell membrane that
may help to anchor and stabilize newly duplicated elements during cell division
(Aubusson-Fleury et al., 2013). Previous work has shown that epiplasmic scale
components with distributions similar to KdA2 and KdA10 belong to the Symmetric 1a
and 3b families of epiplamsins respectively (Aubusson-Fleury et al., 2013). The
Symmetric 1a family of epiplasmins localizes throughout the epiplasmic scale in a
relatively uniform distribution consistent with the localization of KdA2. The Symmetric
3b family of epiplasmins is present throughout the epiplasmic scale but tend to be
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concentrated in a ring at the center of the scale. The fluorescence intensity for KdA10
varied between epiplamsic scales with some scales having low a lower degree of FLAG
staining while other scales had a higher level of FLAG staining. In the scales with a
higher level of FLAG staining, the staining is concentrated in a ring at the center of the
scale consistent with KdA10 belonging to the Symmetric 3b family of epiplasmins
(Aubusson-Fleury et al., 2013).
Aubusson-Fleury et al. have suggested that the epiplasmic scales may function as
a way to anchor the basal body and stabilize its polarity in the newly duplicated daughter
cells (Aubusson-Fleury et al., 2013) (See Figures 1.7 and 3.8). KdA2’s absence from the
center of the scale, where we expect the basal body to be inserted, does not immediately
suggest a role in basal body anchoring (figure 3.8 yellow arrows). If KdA2 played a
direct role in anchoring the basal body we would expect it to be localized near the site of
basal body insertion. However KdA2’s potential role in basal body anchoring cannot be
ruled out without further analysis of its function. In contrast, KdA10 localizes to the
center of certain epiplasmic scales (figures 3.7 and 3.8 red arrow). This localization is
where we expect that the epiplasmic scale contacts the basal body. As previously
mentioned, KdA10 has a similar localization to the Symmetric 3b family of epiplasmins
and these epiplasmins have been shown to contact the basal body (Aubusson-Fleury et
al., 2013). The distribution of KdA10 within the epiplasmic scale combined with
previous work done on the Symmetric 3b family of epiplasmins supports the role of
KdA10 in a link between the basal body and the epiplasmic scales. Future experiments
with KdA10 may help to clarify this potential role.
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The basal body may rely on two mechanisms to maintain polarity. The first
mechanism involves the basal body migrating along the striated rootlet, maintaining a
parallel orientation to the parental basal body and docking with the membrane (Iftode and
Fleury-Aubusson, 2003). The second mechanism may rely on other surface cytoskeletal
components, such as the epiplasm, to secure the orientation of the basal body at the end
of the division process (Aubusson-Fleury et al., 2013; Aubusson-Fleury et al., 2012).
Our model proposes that the disrupted orientation is established prior (earlier in division)
to the formation of this second stabilizing link. In regions of the Paramecium surface
that are disorganized following depletion of MKS3, the formation of a second link (later
in division) could stabilize the basal body in the incorrect orientation. This could provide
another mechanism for the maintenance and propogation of the disorganizations through
successive cell divisions.
Striated rootlet family members KdB2 and KdC1 did not localize within the
rootlet. FLAG-KdB2 was found in a diffuse intracellular pattern (figure 3.7).
Unfortunately without reliable organelle and vesicle markers in Paramecium it will be
extremely difficult to further define the localization of KdB2. FLAG-KdC1 was
localized to a region near the basal body and within the cilia (figures 3.7 and 3.8). This
location is consistent with an interaction with MKS3 and is also consistent with a
potential role in the link between MKS3 and the striated rootlet. The localization of the
striated rootlet family member KdC1 in the cilia is unique in our study of the striated
rootlet family components. It is possible that its localization to the cilia may be an
artifact of overexpression. Further work with KdC1 including RNA interference and
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more robust localization studies, should be performed in order to clarify the function of
this protein.
Our initial GST pull-down experiments utilized only the C-terminal coiled coil
domain of MKS3 as bait. These experiments identified KdB2 (3 peptides) and KdC1 (2
peptides) as potential interacting partners for MKS3 (table 3.2 and figure 3.3). This is
consistent with MKS3 functioning as part of the link between the basal body and the
striated rootlet. However we are not completely confident that this GST pull-down,
which identified both KdB2 and KdC1, was exhaustively controlled. This ultimately
decreases our confidence in those data. Furthermore, the results proved to be extremely
variable with KdB2 identified in one of five subsequent GST pull-down experiments.
The fact that neither KdB2 nor KdC1 were identified in the control lane of any
experiment increases our confidence in those data somewhat, but the inconsistency of the
results may indicate that KdB2 and KdC1 are not true interacting partners of MKS3.
Despite the issues with the initial pull-down data, we attempted to modify the
methods to investigate a potential interaction between MKS3 and the striated rootlet. For
these new experiments a bait encompassing the entire C-terminus of MKS3 was
designed. This bait was used for GST pull down experiments from cells expressing
FLAG-tagged striated rootlet family members. Potential interactions were then tested
using Western blot analysis. Based on the results of these experiments, it is not clear if
MKS3 specifically interacts with components of the striated rootlet. Certain components
(KdD2, figure 3.10) showed the ability to interact with GST and potentially MKS3 while
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other components (KdD4 and KdG1, figure 3.9) showed no interaction with either GST
or MKS3.
As seen in figures 3.9 and 3.10 the FLAG antibody seemed to cross-react with the
expressed GST resulting in a band at ~25kDa. This band is most likely due to the level
of expressed GST used in the experiments since there is little reason to suspect a common
epitope between FLAG and GST. The high levels of GST in the control lane (figure 3.10
lane 9) might be causing a non-specific interaction with the FLAG-tagged striated rootlet
family member. This could explain the presence of the ~35 kDa band in both the test and
control lanes (figure 3.10 lanes 7 and 9 respectively). In order to test this, significantly
less GST bait would need to be used in a repeat of the KdD2 GST pull-down experiment.
The ideal outcome of this experiment would be loss of the ~35 kDa in the GST bait
(control) lane and the continued presence of the ~35 kDa band in the GST-MKS3 bait
(test) lane indicating an interaction between MKS3 and at least one of the striated rootlet
family members.
Although the GST pull-down results do not help to clarify which striated rootlet
family members are interacting with MKS3, it suggests that not all striated rootlet family
members may be capable of forming an interaction with other proteins. This is
interesting considering the predicted structural similarity between the striated rootlet
family members that are localized within the rootlet. Presumably, if all striated rootlet
family members were equally capable of interacting with other proteins (in this case
GST), a band of ~30-35 kDa would be present in the control bait (GST) lanes for all of
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the pull-down experiments performed from cells expressing the FLAG-tagged striated
rootlet family members (figures 3.9 and 3.10).
These results may suggest several things about the striated rootlet and its
component proteins. The most likely scenario is that the striated rootlet is arranged in
such a way that only the components on the periphery are capable of interacting with
other proteins. If this were the case, KdD4 and KdG1 would most likely be found in the
core of the rootlet while KdD2 would be found on the periphery. This could explain the
presence of a band of the expected size in certain pull-down experiments and the absence
of a band of the expected size in others. Without high-resolution localization data, it will
be difficult to determine what components localize to the periphery of the rootlet versus
the core. Another potential scenario does not rely on physical location of the striated
rootlet family members to regulate interactions but rather it relies more on the nature of
the family members themselves. It is possible that certain striated rootlet family
members (including KdD2) are capable of forming interactions with other proteins while
certain striated rootlet family members (including KdD4 and KdG1) are limited to
interacting with other striated rootlet family members. Although this is highly
speculative, this scenario could also explain the presence of a band of the expected size in
certain pull-downs and the absence of a band in others.
There are several technical issues that could explain the absence of bands in
certain GST pull-downs. It is possible that we did not thoroughly solubilize the striated
rootlet and therefore the FLAG-tagged proteins were not available for pull down. This
seems likely if the FLAG-tagged proteins were localized to the core of the rootlet. An
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interaction with MKS3 might require multiple striated rootlet components. Even though
overexpression should result in an excess of a single FLAG-tagged protein, an interaction
with MKS3 might require more than one component of the rootlet. If the rootlet was not
thoroughly solubilized, the necessary components may not have been available to interact
with MKS3. Furthermore, MKS3 in the link between the basal body and the striated
rootlet may behave in a similar fashion to MKS3 at the ciliary transition zone. MKS3 at
the transition zone is part of a larger MKS complex that potentially functions to regulate
protein entry into the cilium. It is possible that MKS3 at the basal body is also part of a
larger complex that functions in the maintenance of basal body polarity. In this case,
MKS3 might not directly interact with components of the striated rootlet, but do so in
complex with multiple proteins that link the basal body to the striated rootlet.
In summary, the initial mass spectrometry data suggests that MKS3 interacts with
specific striated rootlet family members. These potential interactions support the
proposed model that MKS3 functions in a link between the basal body and striated rootlet
to maintain basal body polarity across the dorsal surface of the cell. In an effort to further
clarify any potential interaction, we tagged 13 of the 27 identified Paramecium striated
rootlet family members using an N-terminal FLAG tag. Localization studies showed that
striated rootlet family mambers containing conserved SF-Assemblin domains localized
within the striated rootlet itself. In the absence of this conserved domain, the components
had various intracellular localizations including the epiplasm, basal bodies and cilia. We
then performed GST pull downs from cells expressing the epitope tagged versions of the
striated rootlet family members in an effort to demonstrate an interaction between MKS3
134

and the striated rootlet. Unfortunately no clear interaction was determined from the GST
pull downs. In light of these results, we cannot definitively say that MKS3 interacts with
the striated rootlet in Paramecium. Further work will be required to uncover any
potential interaction between MKS3 and the striated rootlet and to determine exactly how
MKS3 functions in maintaining basal body polarity across the dorsal surface of the cell.
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Chapter 4: Conclusions and Future Directions
Conclusions
The data presented here support a dual role for MKS3 in Paramecium. In
addition to its established role as a ciliary transition zone component, support a role for
MKS3 in maintaining basal body polarity during basal body duplication and migration in
preparation for cell division. The reduction MKS3 via RNAi in Paramecium has yielded
insight into this previously unappreciated function of MKS3.
Consistent with MKS3 loss in other systems and consistent with its localization in
the transition zone, depletion of MKS3 via RNAi in Paramecium leads to global ciliary
loss (Dawe et al., 2007). MKS3 RNAi in Paramecium has also revealed defects in basal
body polarity and sub-surface cytoskeletal organization on the dorsal surface of the cell.
These basal body polarity defects lead to areas of disorganization where the ridges
surrounding the cortical units are severely distorted. This results in clusters of cortical
units that are no longer arranged in an organized fashion. The basal bodies at the center
of these disorganized cortical units appear to have rootlet systems associated with each
basal body (post ciliary rootlet, transverse microtubule and striated rootlet) that no longer
project in their stereotypical orientations (figures 2.5 and 2.6). Interestingly, the angle
between the post-ciliary rootlet and transverse microtubule of the posterior basal bodies
in disorganized areas is unchanged when compared to controls. Coupled with the striated
rootlet data (figure 2.6), these images begin to suggest that the rootlets may be
developing from their proper position on the basal body despite the fact that they no
longer project in their predicted ortientations. However, we were unable to visualize
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another potential marker of basal body rotation. As previously mentioned, the anterior
basal body in two basal body units should also contain a transverse microtubule (figure
1.8), however this structure is not visible in figure 2.5. We believe our inability to
visualize this structure is most likely due to the early state of development of this rootlet.
The size of the anterior basal body associated transverse microtubule may have prevented
visualization of this structure because its fluorescence signal is relatively weak compared
to the signals from the basal body itself and the postciliary rootlet and transverse
microtubule of the posterior basal body. Despite this, our data begin to suggest that the
basal body itself is rotating away from its normal polarity upon MKS3 reduction.
The data presented in figures 2.3-2.6 show that the disorganizations are limited to
the dorsal surface of the cell. Our localization data (figure 2.1) suggests that MKS3 is
found in the transition zone on both the dorsal and ventral surfaces of the cell. This
global transition zone localization is further supported by the fact that MKS3 RNAi cells
show ciliary loss on both surfaces of the cell (figure 2.2). We believe that the specificity
of the basal body row disorganizations is a result of the mechanism of basal body
duplication in Paramecium. Cortical units across the surface of Paramecium contain
either one or two basal bodies. Prior to basal body duplication in Paramecium, all two
basal body units are converted to one basal body units. Based on the propagation of basal
body duplication (figure 1.6), the conversion from two basal body units to one basal body
units is likely to happen early in the duplication cycle on the dorsal surface of the cell.
Furthermore MKS3 reduction seem to halt cell cycle progression early in division,
presumably before the basal body separation process can begin to occur on the ventral
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surface (see Appendix B). As a result of the timing of basal body separation and the halt
in cell cycle progression, disorganizations are limited to the dorsal surface of the cell.
The observed basal body row disorganizations combined with the rootlet
immunofluorescence data support the idea that MKS3 functions in the maintenance of
basal body polarity in Paramecium. We believe MKS3 functions as part of the link
between the anterior basal body and the striated rootlet (figure 1.8). Normally this link
allows the striated rootlet to function as a guide for basal body movement as the cell
prepares to divide. When MKS3 is reduced this link is disrupted the basal bodies are no
longer guided in their movement leading to the observed disorganizations in basal body
polarity.
In an effort to determine if MKS3 plays a direct role in the link between the basal
body and the striated rootlet we FLAG-tagged 13 striated rootlet family members that
represented each paralog group in Paramecium. These epitope tagged genes were used
for immunofluorescence localization and GST pull-down interaction studies. Striated
rootlet family members that localized to the rootlet always contained a conserved SFAssemblin domain. Striated rootlet family members that did not contain this conserved
domain were found in various cellular locations but were never localized within the
rootlet itself.
Our initial mass spectrometry data suggested that MKS3 interacts with KdB2 and
KdC1, which are components of the Paramecium striated rootlet. Based on this we
proposed that MKS3 is a critical component in the link between the basal body and the
striated rootlet. We attempted to further clarify this potential interaction using GST pull138

downs followed by Western blot anaylysis. Unfortunately, the Western blot results did
not reveal a clear interaction between MKS3 and the striated rootlet family members that
were tested.
Paramecium has proven to be an excellent model to study the role of MKS3. The
highly organized rows of basal bodies at the surface of the cell have made it possible to
visualize a phenotype associated with MKS3 reduction that would have been difficult to
uncover in other ciliary systems. Additionally, we highlighted several striated rootlet
family members that may be potential interacting partners of MKS3. FLAG-tagged
striated rootlet family members were used in GST pulldown studies to further
demonstrate an interaction between MKS3 and the striated rootlet. The results of the
interaction studies were inconclusive but the epitope tagged constructs allowed us to
localize 13 striated rootlet family members to various cellular locations including the
striated rootlet, the epiplasmic scales and the basal body region.
This study has highlighted a new role for MKS3 in maintaining basal body
polarity at the surface of the cell. We believe that MKS3 functions in the link between
the basal body and the striated rootlet and that this link may be critical in the maintenance
of basal body polarity. Much of the previous work on MKS3 has focused on its role in
the transition zone (Dawe et al., 2007; Garcia-Gonzalo et al., 2011; Garcia-Gonzalo and
Reiter, 2012; Williams et al., 2011). This work has also shown that MKS3 is capable of
interacting with several proteins including proteins involved in actin cystoskeleton
remodeling and centrosome/basal body docking (Adams et al., 2012; Dawe et al., 2009).
In many cases, work with MKS3 has been performed in mammalian cell lines containing
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a single cilium per cell. Although these systems are sufficient for the study of MKS3 in
the transition zone and for determining potential interacting partners of MKS3,
phenotypes associated with basal body polarity may be difficult to assess.
Our work in the ciliate Paramecium has highlighted the previously
underappreciated importance of MKS3 in the maintenance of basal body row
organization. The establishment and maintenance of organized basal body rows in
multiciliated cells is necessary to establish a coordinated ciliary beat (Kunimoto et al.,
2012). Coordinated ciliary beat is necessary for the development of directed fluid flow in
humans. The absence of fluid flow in humans can lead to symptoms consistent with
those seen in the ciliopahties, including Meckel syndrome (Zariwala et al., 2007) (see
chapter 1 for symptoms). We have shown that reduction of MKS3 results in disorganized
basal body row polarity in Paramecium. It is possible that basal body polarity may
prove to be a critical, yet under-investigated component in the development of
ciliopathies, including MKS.
Our work has shown that in addition to its established function as a transition
zone component, MKS3 functions in the maintenance of basal body polarity. We believe
that MKS3 is a component in the link between the basal body and the striated rootlet and
that this link is critical for the maintenance of organized basal body rows in Paramecium.
Although the nature of this link is still unclear we will continue to search for potentially
relevant interactions using immunoprecipitations and mass spectrometry analysis. Our
work begins to suggest that basal body polarity may prove to be an underappreciated
component in the development of Meckel syndrome. Although we have provided a basis
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for the function of MKS3 outside the transistion zone, much more work will be necessary
to fully characterize the function of this protein.

141

Future Directions
Our work has provided a sound basis for future experimentation with MKS3 and
multiple experiments can be proposed to further clarify the localization and the function
of this protein in Paramecium.
We previously localized N-terminally FLAG-tagged MKS3 to the ciliary
transition zone in Paramecium. This localization is consistent with the localization of
MKS3 in other systems. To support the idea that MKS3 functions in the link between the
basal body and the striated rootlet, high-resolution localization studies need to be
performed.
In an attempt to address this we had an antibody directed against C-terminal
residues 935-951 (KSNISEKTKIDKRFLI) of Paramecium MKS3 generated. The
antibody was not effective at specifically detecting MKS3 in immunofluorescence (figure
C1.3). This could be becuase the C-terminus of MKS3 is occluded preventing the
antibody from interacting with the epitope. In the future, generation of an antibody
directed towards a different region of the protein (possibly between the last
transmembrane domain and the coiled coil domain or on one of the intracellular loops
between transmembrane domains) may prove to be more effective at detecting MKS3 in
Paramecium.
It is possible that an effective antibody against Paramecium MKS3 cannot be
generated. Therefore, expression of epitope tagged MKS3 may provide the only avenue
for high-resolution localization studies. To achieve the necessary resolution, cells
expressing N-FLAG-MKS3 could be used for immuno-gold transmission electron
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microscopy (TEM) in order to provide an ultrastructural localization of MKS3.
Hopefully this would reveal the presence of MKS3 outside of the transition zone,
specifically in the link between the basal body and striated rootlet.
This method presents several issues in Paramecium. First, previous work has
shown that N-FLAG-MKS3 expression is highly variable. Unfortunately, we are limited
to the N-terminus of the protein since C-terminal FLAG tagging proved to be lethal.
Since this is the case, particular cell lines would first have to be screened by
immunofluorescence microscopy using an Anti-FLAG antibody to ensure that N-FLAGMKS3 is being expressed and can be seen in its stereotypical transition zone localization.
These cell lines can be selected and subsequently used for immuno-gold TEM analysis.
Second, orienting Paramecium cells for thin sectioning in preparation for TEM is
extremely difficult. Locating cells that are in the correct plane of sectioning may be
prohibitively difficult even if the cell lines are pre-screened to ensure good expression.
Furthermore, the N-terminal FLAG tag may interfere with the function of the N-terminal
signal peptide and prevent the tagged version of MKS3 from reaching its correct
destination. The fact that we have already localized N-FLAG-MKS3 to the transition
zone (which is consistent with localization in other systems) suggests that the tag is not
interfering with the transition zone localization of MKS3 but this does not mean that the
N-terminal tag does not affect other potential localizations of this protein.
The signal peptide issue is a potential obstacle that may need to be addressed by
generating a N-terminally tagged version of MKS3 lacking its signal peptide.
Localization studies would subsequently need to demonstrate that in the absence of the
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signal peptide the tagged protein could reach the correct destination. This means that
prior to any ultrastructural localization studies, MKS3 lacking a signal peptide would
need to be localized to the transition zone. Since the epitope tag expressing cells will
need to be screened via immunofluorescence prior to their use in immuno-gold TEM, this
question could be answered relatively quickly.
Our initial data suggest that MKS3 interacts with striated rootlet family members.
Unfortunately we were unable to clearly demonstrate this using GST pull downs and
Western blots. In part, this may have been due to an inability to thoroughly solubilize the
striated rootlet.
The solubility of the striated rootlet could be determined using the tagged striated
rootlet family members we currently have at our disposal. Paramecium whole cell
extract from cells expressing the FLAG-tagged versions of the striated rootlet family
members could be exposed to multiple solubilization conditions. The solubilized whole
cell lysate could then be used for an immunoprecipitation (IP) with the Anti-KDF
antibody and Western blot analysis using the Anti-FLAG antibody. Presumably the most
complete solubilization method will show the most robust band on a Western blot. This
would provide an idea of the most successful method to solubilize the striated rootlet and
this method could be used for all subsequent analyses to ensure that the tagged
components are readily available for pull-down or IP.
It may be possible to demonstrate an interaction between the striated rootlet and
MKS3 by immunoprecipitation (IP) using the anti-KDF antibody to select for proteins
that interact with the striated rootlet. The resulting IP could be subject to mass
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spectrometry analysis to determine if MKS3 is present. Even if MKS3 is not present in
the IP, this route would give us a much better idea of the proteins interacting with the
striated rootlet and could allow us to begin to identify other components of the link
between the basal body and the striated rootlet. Similarly, FLAG-IPs from cells
expressing the FLAG-tagged striated rootlet family members could be subject to mass
spectrometry analysis to determine if MKS3 is present. These approaches however may
be limited by the solubility of the striated rootlet, the sensitivity of mass spectrometry and
the seemingly low abundance of endogenous MKS3 in Paramecium.
Changing the tag at the N-terminus of MKS3 to a N-terminal MYC or N-terminal
HA tag might help with the expression issues that we have encountered. A new tag on
MKS3 could result in more consistent expression. This would simplify downstream
analyses and also allow reciprocal IPs to be performed from cells expressing both a
FLAG-tagged striated rootlet family member and MYC or HA tagged MKS3. Although
this approach relies on cells expressing two tagged proteins, this type of experiment may
prove to be the most successful way to demonstrate an interaction between MKS3 and the
striated rootlet in Paramecium.
It would also be interesting to deplete striated rootlet family members using RNA
interference. Hopefully reduction of specific striated rootlet components would mimic
the basal body polarity phenotypes observed upon depletion of MKS3. This would
further support the idea that MKS3 interacts with the striated rootlet and that this
interaction is necessary for the maintenance of basal body polarity. These experiments
would be relatively simple to perform in Paramecium and would produce data relatively
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quickly. However, the sequence conservation between individual components could
complicate the design of the RNAi constructs. It might be best to select one example
from each paralog group in order to minimize potential off target effects. This issue must
be kept in mind when designing the RNAi constructs. Furthermore, it is possible that
depletion of individual striated rootlet family members could destabilize the structure of
the striated rootlet. In this case we would expect severe basal body polarity distortions
across the entire cell surface and possibly even cell death.
Little is known about the function of MKS module components in Paramecium
and it is unclear whether other components of this complex will have functions outside of
the transition zone. We have demonstrated that MKS3 plays a major role in the
maintenance of basal body polarity on the dorsal surface of the cell. It is possible that
other conserved MKS module components play roles outside of the transition zone as
well. RNAi screens of different conserved MKS module components would begin to
answer this question. Two general outcomes seem likely from these experiments. First,
other MKS module components function solely at the transition zone. In this case we
would expect to see defects in ciliary structure (possibly ciliary loss) and alterations to
the protein composition of the cilium. Second, MKS module components function in
multiple cellular locations similar to MKS3. In this case the phenotypes may prove to be
quite diverse.
It is also possible that different MKS module components play distinct roles in
different regions of the cell. For instance, it is possible that an MKS module component
other than MKS3 is responsible for basal body polarity on the ventral surface of the cell.
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This would explain not only the lack of ventral disorganizations observed upon MKS3
reduction, but it would also provide evidence for differential protein distribution between
the dorsal and ventral surfaces of Paramecium.
We have established the MKS3 RNAi in Paramecium leads to disorganized basal
body rows where the basal bodies seem to be rotated away from their normal polarity. It
would be interesting to determine if the basal body polarity defects are due to the rotation
of the basal body and its associated rootlets or if the perceived change in polarity is due
to the striated rootlet, post-ciliary rootlet and transverse microtubule developing in the
wrong position on the basal body itself. Previous work in Tetrahymena has shown that a
groups of proteins known as Sfr proteins localize asymmetrically around the basal body
cylinder (Stemm-Wolf et al., 2013). Potential homologs of the Tetrahymena Sfr proteins
are present in the Paramecium genome. If these proteins show an asymmetric
localization around the basal body in Paramecium they could be used to track the rotation
of basal bodies in the areas of disorganization in MKS3 RNAi cells. It would first be
necessary to demonstrate that epitope tagged versions of the Paramecium Sfr proteins
consistently localize around the basal body in an asymmetric pattern. Assuming that we
have an Sfr antibody that works in Paramecium, this could be accomplished using superresolution microscopy. We could then use the localization of the Sfr proteins to track the
rotation of the basal body in the disorganized areas. In this case we would expect
increased variability in the angle of Sfr protein localization relative to the anteriorposterior axis of the cell. Another potential scenario would be that the angle of Sfr
protein localization remains constant (relative to the anterior-posterior axis of the cell)
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but the striated rootlet, post-ciliary rootlet and transverse microtubule no longer project in
their stereotypical directions. This would indicate that the basal body has not rotated but
rather that the basal body associated rootlets are not developing at the correct position on
the basal body under MKS3 RNAi conditions.
We propose that MKS3 plays a key role in a link between the basal body and the
striated rootlet. Previous work has shown that anterior basal bodies utilize the striated
rootlet as a guide for their movement prior to duplication (Iftode et al., 2003). It would
be interesting to try and determine how this movement is generated. First the movement
may be generated by one of the kinesin, dynein or myosin motor proteins moving the
basal body along microtubules or actin. Immunoprecipitations for MKS3 followed by
mass spectrometry analysis may be able to address if a motor is involved in basal body
movement in Paramecium. A second possible outcome is that the growth of either the
microtubule or actin cytoskeleton is responsible for ‘pushing’ the anterior basal body
away from the posterior basal body. The works of Adams et al. and Dawe et al. have
shown that MKS3 interacts several actin-binding proteins, which begins to suggest that
the actin cytoskeleton may be playing a role in basal body positioning. We may be able
to begin to address this question pharmacologically using latrunculins or cytochalasins to
inhbit actin microfilament polymerization in Paramecium.
Our study has shown that MKS3 plays a critical role in maintaining basal body
polarity in Paramecium; a role for this protein that had been previously unrealized. We
belive that MKS3 is functioning to maintain basal body polarity by linking the basal body
to the strited rootlet. Although the nature of this interaction remains unclear our data
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begin to suggest that basal body polarity may be another contributing factor to the
development of Meckel syndrome. This study continues to define a function for MKS3
outside the transition zone. Many questions remain to be answered including the exact
localization of MKS3 outside of the transition zone and the specific nature of the
interaction between MKS3 and the striated rootlet. It is intriguing to think that multiple
‘transition zone’ components play roles outside of this cellular compartment. Our work
has demonstrated that this is true for MKS3 however a role for other ‘transition zone’
components outside of their function in this compartment should be investigated.
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Appendix A: MKS3 RNAi Disrupts B9D2 Localization to the Transition
Zone in Paramecium tetraurelia

Introduction
As we have shown, MKS3 RNAi in Paramecium leads to global ciliary loss and
basal body polarity defects on the dorsal surface of the cell (Picariello et al., 2014).
Scanning electron micrographs of the surface of MKS3 RNAi cells showed that ciliary
stubs, potentially containing transition zones, were present even after ciliary loss (figure
2.2 F and H). Our proposed model for the formation of the dorsal basal body polarity
disorganizations is predicated on the idea that upon reduction of MKS3, the anterior basal
body (either a newly duplicated one or one that is part of an established two basal body
unit) can no longer utilize the striated rootlet as a guide for its anterior migration.
B9D2 is one of three B9-domain containing proteins found in the transition zone,
the others being MKS1 and B9D1. These proteins interact with the MKS, Tectonic and
NPHP modules in the transition zone (Garcia-Gonzalo et al., 2011; Williams et al., 2011;
Williams et al., 2008). Studies on the B9 proteins in C. elegans have indicated that loss
of B9 proteins alone have little effect on C. elegans sensory cilia. When mutations in the
B9D2 (as well as the other B9 proteins) are combined with mutations in NPHP-1 or
NPHP-4, severe defects in cilia orientation, length and positioning were observed
(Williams et al., 2008). BLAST searches in the Paramecium genome using the human
B9D2 amino acid sequence yielded three potential orthologues. The top BLAST hit
(called Paramecium B9D2 for the purposes of this study, GSPATP00034796001) showed
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a 36% amino acid sequence identity to human B9D2. This sequence was chosen GFP
tagging, microinjection and immunofluorescence localization.
On the dorsal surface of the cell, only the posterior basal bodies are ciliated and
will be the only basal bodies with a ciliary stub and transition zone upon MKS3 depletion.
Therefore only the posterior basal body should have a GFP-B9D2 signal. This would
allow us to specifically label the posterior basal body of a pair. Distinguishing between
the basal bodies would allow us to determine if the anterior basal bodies are responsible
for the formation of the observed basal body polarity disorganizations upon reduction of
MKS3.
This study showed that GFP tagged Paramecium B9D2 localizes above the basal
body in an area consistent with the transition zone. Paramecium B9D2 also
preferentially localizes to the posterior basal body in two basal body units. We attempted
RNAi for MKS3 on cells expressing GFP tagged Paramecium B9D2 in an effort to
determine if the anterior basal body is the cause of the observed basal body polarity and
cortical ridge distortions. The results of the study were inconclusive. Upon reduction of
the MKS3 message, GFP tagged Paramecium B9D2 no longer discreetly localizes to the
transition zone of the posterior basal body. As a result we were unable to distinguish the
anterior basal body from the posterior basal body in MKS3 RNAi cells expressing GFP
tagged Paramecium B9D2.
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Materials and Methods
Stocks,  Cultures  and  Chemicals  
  

Cells  (Paramecium  tetraurelia;  51-‐‑s,  sensitive  to  killer)  were  grown  in  wheat  

grass  medium  inoculated  with  Klebsiella  pneumoniae  or  Aerobacter  aerogenes  
(adapted  from  (Sasner,  1989)).        All  chemicals  were  from  Sigma-‐‑Aldrich  (St.  
Louis,  MO,  USA)  unless  otherwise  noted.    

Sequence  Analysis  and  Construct  Design  
BLAST searches in the Paramecium Annotated Genome were completed using
the human sequence for B9D2 (NP_085055). Searches identified GSPATG00034796001
as a potential ortholog for B9D2, which was used to create the RNAi construct.
All constructs were created from genomic DNA, which was collected using
organic extraction. Briefly, 100 µL of cells were mixed 1:1 with Denaturing Buffer
(Promega, Madison, WI, USA), mixed 1:1 with phenol:chloroform:isoamyl alcohol
(25:24:1), and centrifuged for 5 minutes at 12,000 x g (Eppendorf Centrifuge 5424,
Hauppauge, NY, USA). The aqueous phase was removed, and mixed 1:1 with
chloroform:isoamyl alcohol (24:1) and spun again. The DNA was precipitated 2:1 with
cold isopropanol for 20 min at -20°C and spun for 10 minutes at 4°C (Eppendorf
Centrifuge 5424, Hauppauge, NY, USA). Pellets were rinsed twice with 70% ethanol,
dried, and resuspended in water.
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GFP-tag of B9D2
To localize B9D2, we added the coding sequence for GFP to the 5’ end of the
genomic DNA sequence for GSPATG00034796001 in the pPXV plasmid using the
restriction enzymes Nhe I and Xho I (New England Biolabs, Ipswich MA, USA). These
cut sites were created using large primers to add them to either end of the sequence:
forward (5’- gcggctagcatgctcgcagacagtcca -3’) and reverse (5’gcgctcgagtcattaattcaaataatttctaatag-3’). Platinum®Pfx Polymerase (Invitrogen/Life
Technologies, Grand Island, NY, USA) was used per the vendor’s instructions to amplify
the sequence. A total of 100 ng of genomic DNA was used in each PCR reaction: 94°C
for five minutes; 5 cycles of 94°C for 1 minute, 42°C for 1 minute, 68°C for 1 minute; 5
cycles of 94°C for 1 minute, 50°C for 1 minute, 68°C for 1 minute; 10 cycles of 94°C for
1 minute, 55°C for 1 minute, 68°C for 1 minute; 17 cycles of 94°C for 1 minute, 58°C for
1 minute, 68°C for 1 minute; one cycle of 68°C for 5 minutes (Eppendorf Mastercycler
Pro, Hauppauge, NY, USA). The products were cleaned using the PrepEasy™ Gel
Extraction kit (Affymetrix, Cleveland, OH, USA). The resulting DNA was treated with
restriction enzymes, cleaned again using the PrepEasy™ Gel Extraction kit and ligated
into the pPXV-5’-GFP plasmid (gift of Dr. Helmut Plattner) using the Ligate-IT™ kit
(Affymetrix). The mixture was then transformed into OneShot® competent cells
(Invitrogen/Life technologies, Grand Island, NY, USA) and the resulting colonies were
screened for positives. Positive clones were sequenced at the Vermont Cancer Center
DNA Analysis Facility (University of Vermont, Burlington, VT).
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Plasmid Injection
Approximately 200 µg of pPXV-GFP-B9D2 was linearized with Sfi I (New
Englan Biolabs) overnight at 37°C and then cleaned using an organic extraction method
modified from that described earlier. This procedure required 2 washes in
phenol:chloroform:isoamyl alcohol (25:24:1) followed by 2 washes of
chloroform:isoamyl alcohol (24:1). The final pellet was resuspended in 50 µL of MilliQ
water and the concentration was checked using a spectrophotometer (Agilent
Technologies, Santa Clara, CA, USA). The sample was spun at 16,000 x g (Eppendorf
Centrifuge 5424) for 10 minutes to pellet debris. The top 45 µL was carefully removed
and placed in a fresh RNase/DNase-free 1.5 mL Eppendorf tube and was again dried in a
speed vac. The final pellet was resuspended in MilliQ water to obtain a concentration 5
µg/µL and stored at 4°C until injection.
Approximately 20 cells which had recently undergone autogamy were placed
under high temperature silicon oil to immobilize them. Approximately 5 to 50 pg of the
plasmid was injected into the macronucleus of each cell using a pulled capillary and a
Narishige micromanipulator (Narishige International USA, Inc., East Meadow, NY,
USA). Individual injected cells were transferred to 1 mL of inoculated culture fluid in
depression slides and incubated in a humidifying chamber at 25°C overnight, allowing
the cells to recover and divide. Cells were then transferred to test tubes with inoculated
culture fluid and maintained at 15°C as individual clones. Genomic DNA was extracted
from the clone cultures as described previously (see Organic Extraction of Genomic
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DNA) and tested with PCR using plasmid-specific primers: the forward primer is the
same forward primer listed above and a reverse primer (5’- ttatttaagtgttgttcattta – 3’),
which was specific for the plasmid. One µL (approximately 400 ng) of DNA was used in
each PCR reaction: one cycle of 95°C for 5 minutes followed by 30 cycles of 95°C for 1
minute, 44°C for 1 minute, and 68°C for 1 minute, followed by a final 5 minute extension
step at 68°C. PCR products were analyzed on a 1% agarose gel and were stained with
ethidium bromide.

Localization and Visualization of GFP-B9D2
We tested small cultures of individual clones to ascertain whether the cells expressed
the protein and where it was localized. A 10 mL culture of injected cells was added to 50
mL of inoculated culture fluid and grown at 22°C for approximately 48 to 72 hours. The
cells were immunostained and imaged as described below.

MKS3 RNAi and Immunofluorescence
RNAi was performed as described earlier (pgs 40-41). 100 mL of RNAi and
control cells were collected by centrifugation (IEC clinical centrifuge, Damon/IEC
Division, Needham Heights, MA, USA) and rinsed twice in 100 mL of Dryl’s solution.
The cell volume was reduced to approximately 100 µL in a 1.5 mL Eppendorf tube
before 1 mL of PHEM buffer [60 mM PIPES (1,4-Piperazinediethanesulfonic acid), 25
mM HEPES (2-[4-(2-hydroxyethyl)piperazin-1-yl] ethanesulfonic acid), 2 mM MgCl2,
10 mM EGTA (ethylene glycol tetraacetic acid), and 1 mL of 0.5% Triton X-100) was
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added. Cells sat undisturbed for 1 minute, were spun at 250 x g (IEC Clinical
centrifuge), the supernatant was removed and the pellet (cells) was mixed with 1 mL of
Fixation buffer [4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA,
USA), 2 mM NaH2PO4·H2O, 8 mM Na2HPO4, 150 mM NaCl, pH 7.5]. Samples were
undisturbed for 10 minutes at 25°C and washed three times in 1 mL of Blocking Buffer
(2 mM NaH2PO4·H2O, 8 mM Na2HPO4, 150 mM NaCl, 10 mM EGTA, 2 mM MgCl2,
0.1% Tween-20, 1% or 3% BSA, pH 7.5).
Primary antibodies for the immunostaining for localization of GFP-B9D2 were:
Mouse Anti-GFP at a 1:500 dilution (Sigma) and Rabbit Anti-Centrin at a 1:1000 dilution
(Anti-Tetrahymena centrin, gift from Dr. Mark Winey, University of Colorado, Boulder,
CO). Primary antibodies in 100 µL of blocking buffer were mixed with the cells and the
cells sat undisturbed at 25°C for 1 hour. The cells were recovered by centrifugation at
250 xg (IEC Clinical Centrifuge) and were then washed three times in blocking buffer or
Wash buffer (2 mM NaH2PO4·H2O, 8 mM Na2HPO4, 150 mM NaCl, 0.1% Tween-20,
1% BSA, pH 7.5). The cells were mixed with 100 µL of blocking buffer with 1:200
secondary antibodies. Secondary antibodies (Molecular Probes/Invitrogen, Grand Island,
NY, USA) included: AlexaFluor® Goat Anti-Mouse 488 and AlexaFluor® Goat AntiRabbit 568. After 1 hour of incubation the cells were washed three to five times with
blocking or wash buffer. Following the final wash, the cells were pelleted as before and
one drop (~15 µL) of VectaShield® (Vector Labs, Burlingame, CA, USA) was added.
Tubes were wrapped in aluminum foil and stored at 4°C until use.
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Imaging of the immunostained cells was done using a DeltaVision® Restoration
Microscopy System (Applied Precision, Issaquah, WA, USA) consisting of an inverted
Olympus IX70 microscope and a Kodak CH350E camera. Seven µL of prepared cells
were placed under a glass coverslip and imaged at 20-22°C using either a PlanApo 60x or
100x /1.40 oil-immersion objective and deconvolved and analyzed using SoftWoRx®
Pro software (Applied Precision).
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Results
Data Mining and Construct Design
The sequence for Paramecium B9D2 was found using the human B9D2 sequence
(NP_085055) and the annotated Paramecium genome database (ParameciumDB,
http://paramecium.cgm.cnrs-gif.fr/). B9D2 is found on scaffold 147 and contains 1
intron. It is located from position +70176 to +71656. It is 581 nucleotides long and
codes for 183 amino acids, which produce a protein of approximately 21 kDa.
Paramecium B9D2 contains a conserved B9C2 domain that is characteristic of basal
body and cilia associated proteins (figure A1.1).

Immunofluorescence Localization of GFP-B9D2 in MKS3 RNAi cells
In control RNAi cells, GFP-B9D2 was concentrated above the plane of the basal
body consistent with its expected localization in the transition zone. Furthermore, the
localization allowed us to distinguish the anterior basal body from the posterior basal
body in two basal body units (Figure A1.2 A and B). The posterior basal body has a GFP
signal (figure A1.2 A) and it is above the plane of the basal body (figure A1.2 B). Upon
depletion of MKS3, basal body polarity was disrupted (Figure A1.2 C) and GFP-B9D2
localization became dispersed. GFP-B9D2 no longer discreetly localized to the transition
zone of posterior basal bodies and was found in a punctate distribution throughout the
cell membrane (figure A1.2 C and D). Due to this, we were unable to track the anterior
basal body of the pair and show that it is responsible for the formation of the basal body
polarity and cortical ridge distortions in MKS3 RNAi cells.
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Discussion
In control cells, GFP-B9D2 specifically localized to the posterior basal body of a
pair (figure A1.2 A and B). However under MKS3 RNAi conditions, the localization of
GFP-B9D2 was much less specific. As demonstracted in figure A1.2 C and D, the green
GFP signal was no longer specifically associated with a basal body. This made it
impossible to distinguish an anterior basal body from a posterior basal body. Therefore,
we were unable to demonstrate that anterior basal bodies specifically lead to the
formation of the dorsal surface disorganizations seen upon reduction of MKS3.
These data do support the idea that MKS3 RNAi affects the localization of another
transition zone component, B9D2. Prior to this outcome we had little evidence
demonstrating mislocalization of transition zone components upon reduction of MKS3.
The mislocalization of GFP-B9D2 suggests that at least one MKS module component
cannot be incorporated or is not maintained in the transition zone under MKS3 RNAi
conditions.
Previous work has shown that B9D2 is part of the MKS module in the transition
zone (Garcia-Gonzalo et al., 2011; Williams et al., 2011). It is possible that reduction of
MKS3 prevents the formation of the MKS complex at the Paramecium transition zone.
In the absence of its other interacting partners, we would expect B9D2 to be mislocalized
along with other MKS complex proteins. It is also possible that MKS3 and B9D2
directly interact and that B9D2 requires MKS3 for proper localization in Paramecium. In
this case we would also expect B9D2 to be found outside of the transition zone upon
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MKS3 depletion but the localization of other transition zone components may remain
unaffected.
The extent of transition zone destabilization upon MKS3 reduction in
Paramecium is still unclear. It is possible that reduction of MKS3 affects the localization
of only a small portion of transition of transition zone compoents. It is also possible that
MKS3 reduction leads to a more dramatic destabilization and breakdown of the entire
transition zone in Paramecium.
It is intriguing to think that MKS3 reduction destabilizes the MKS complex and
potentially the transition zone itself. While this is speculative it would explain the global
lack of cilia and the altered localization of a conserved transition zone component. It
would be interesting to determine the complete composition of the Paramecium MKS
complex and to show that the components of this complex are dependent on MKS3 for
proper localization to the transition zone. This could indicate that MKS3 plays a much
more central role in the maintenance of the MKS complex in Paramecium when
compared to its role in other systems. Relatively little is known about the protein
composition of the transition zone in Paramecium. Determining the proteins present in
this region could serve two purposes. First it would define the protein compliment of the
Paramecium transition zone, simplifying further analyses. Second it might provide a
more robust and stable marker of ciliated basal bodies. This could allow us to use a
similar strategy to mark the posterior vs. anterior basal body and determine if it is the
unguided migration of the anterior basal body in MKS3 RNAi cells that leads to the
observed basal body polarity and cortical ridge distortions.
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Figure A1.1: Domain Conservation Of Paramecium B9D2
B9D2 in Paramecium contains a conserved B9-C2 superfamily domain. This domain is
found in certain proteins associated with the cilia and basal body.
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Figure A1.2: GFP-B9D2 Localizes To The Transition Zone In Control Cells But
Shows Much More Diffuse Localization Upon MKS3 Depletion
Basal bodies are labled with Anti-Centrin (red) and Anti-GFP (green). In part A GFPB9D2 localizes to ciliated basal bodies on the dorsal surface of the cell. Part B shows a
profile view of the basal bodies and GFP-B9D2 localization. The GFP signal is above
the plane of the basal body consistent with the transition zone. Part B also indicates that
GFP-B9D2 is preferentially localized to posterior basal bodies in two basal body units.
Part C shows a dorsal view of MKS3 RNAi cell expressing GFP-B9D2. A profile view
of a MKS3 RNAi cell expressing GFP-B9D2 is shown in D. The GFP signal is more
dispersed in the MKS3 RNAi cells making it difficult to determine anterior vs. posterior
basal bodies. Additionally there seems to be punctate GFP staining in the absence of
basal bodies in part C indicating that GFP-B9D2 is no longer restricted to the transition
zone. Scale bars in whole cell images are 10 µm, scale bars in insets are 2 µm.
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Appendix B: Reduction Of MKS3 Slows Cell Cycle Progession in
Paramecium.
MKS3 RNAi cells underwent fewer cell divisions in a 24-hour period than the
control cells. Between 48 and 72 hours of RNAi treatment control cells divided
approximately 3.5 times while MKS3 RNAi cells divided approximately once. In an
effort to demonstrate that the MKS3 RNAi cells were arrested at a particular point in their
cell cycle, we observed cells for the position and shape of their macronucleus.
As Paramecium progresses through binary fission the macronucleus undergoes a
dramatic re-structuring that is dependent on microtubules to both shape and elongate the
structure (Berger, 1986; Tucker et al., 1980). Initially during interphase the
macronucleus is positioned centrally behind the oral groove. As the cell begins to
elongate and divide, the macronucleus moves to the anterior pole of the cell, then
elongates very closely apposed to the dorsal surface before dividing into two
approximately equal macronuclei (Tucker et al., 1980). To visualize this process in
MKS3 RNAi cells we stained control and MKS3 RNAi fed cells with 1µg/mL 4’,6diamidino-2-phenylindole (DAPI) and visualized the cells using the DeltaVision®
Restoration Microscopy System.
For our analysis, we divided cells into four categories based on macronuclear
morphology and location (Tucker et al., 1980). Interphase corresponds to interfission in
figure 1.3; early division corresponds to stages 1 and 2 in figure 1.3; middle division
corresponds to stages 3 and 4 in figure 1.3 and late division to stages 5 and 6 in figure
1.3. Interphase cells were seen in both the control and test groups. Control cells showed
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all macronuclear division stages. 80% of control cells were in early division, 14% were
in middle division and 6% were in late division (figure B1.1). Compared to this 96% of
the MKS3 RNAi cells that were visualized were restricted to interphase. The MKS3
RNAi cells were never observed in early or middle division and only rarely did these
cells show macronuclear morphology consistent with late division (figure B1.1). The
presence of late division cells under MKS3 RNAi conditions suggests that these cells
were arrested prior to reaching interphase and did not complete their previous division
cycle.
These data support the idea that MKS3 reduction slows the rate of cell cycle
progression in Paramecium tetraurelia. The vast majority of MKS3 RNAi cells observed
were stalled during interphase, after the macronucleus has moved anterior to the oral
groove (figure B1.1). By this time, the duplication of basal bodies has begun on the
dorsal surface of the cell (Iftode et al., 1989). The MKS3 RNAi cells can most likely
undergo the intitial stages of the first wave of basal body duplication but are unable to
progress further possibly limiting the basal body polarity disorganizations to the dorsal
surface of the cell. We suggest that the observed cell cycle arrest at this stage is probably
due to the formation of the dorsal cytoskeletal disorganizations upon MKS3 reduction.
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Figure B1.1: DAPI Staining Indicates MKS3 Depleted Cells Arrest Early In Cell
Division
Differential Interference Contrast (DIC) images of DAPI stained cells show the control
cells in interphase, followed by early, middle, and late cell division. In interphase, the
macronucleaus (blue) is centrally situated with an oval shape. In early division the
macronucleus moves towards the anterior end of the cell maintaining an oval shape. The
macronucleus elongates along the dorsal surface of the cell during middle division. In
late division, the central region of the macronucleus constricts and eventually pinches off
to form a new macronucleus in each daughter cell. The cells depleted in MKS3 were
never observed in early or middle division, which is why no images are shown. Cells
observed: control, 217 cells; MKS3 depleted cells, 249 cells. Scale bars: 15 µm.

166

L4440 fed Control
MKS3 RNAi

Interphase

Early division

Middle division

Late division

167

Appendix C: The Effectiveness of Two Different Anti-MKS3 Antibodies
in Paramecium
In an effort to find an antibody that would recognize MKS3 in Paramecium, we
purchased an antibody raised against human MKS3 amino acids 982-995
(NLASKTLVDQRFLI). The same residues in Paramecium, amino acids 938-951
(NISEKTKIDKRFLI), have a 65% identitiy to the human sequence and two additional
amino acids are from similar groups. Given the similarity between the human and
Paramecium sequences, we hoped this antibody would recognize MKS3 in Paramecium.
Unfortunately this antibody was not specific in immunofluorescence (figure C1.1) and
showed multiple bands throughout the lane in Western blot experiments (figure C1.2).
The cells subjected to immunofluorescence (see chapter 2 methods) show
completely nonspecific (punctate intracellular distribution) staining associated with the
human MKS3 antibody (figure C1.1 green images). We had hoped to see specific
distribution to the transition zone and possibly the basal body region. In panel A, we see
the no primary antibody control with a DIC image of the same cell to the right for
reference. In Panel B, we see a cell stained with the Anti-Human MKS3 antbody with a
DIC image of the same cell to the right for reference. Cells were stained with AntiHuman MKS3 (1:1000) and AlexaFluor® Goat Anti-Rabbit 488 (1:200) secondary
antibodies.
We attempted to use this antibody for Western blots from purified cell membrane
since the transition zone, where we would expect to find full length MKS3, should be
present in this preparation (see chapter 2 methods). Multiple bands developed throughout
168

the lane. The highest molecular weight band is around the expected molecular weight
(~110 kDa) of Paramecium MKS3 (figure C1.2). Although the presence of this ~110
kDa band is encouraging, the presence of bands at all molecular weights suggests that the
Anti-Human MKS3 antibody recognizes multiple epitopes in the Paramecium membrane.
The current Western blot and immunofluorescence results suggest that the Anti-Human
MKS3 antibody may not be capable of specifically detecting MKS3 in Paramecium.
In light of this, we had an antibody directed against the C-terminal 16 amino acids
(935-951 KSNISEKTKIDKRFLI) of Paramecium MKS3 generated in rabbit. Cells
prepared for immunofluorescence (see chapter 2 methods) using the Anti-Paramecium
MKS3 antibody showed nonspecific staining (figure C1.3) with the exception of the basal
bodies along the anterior suture on the ventral surface of the cell (see yellow arrows in
figure C1.3). MKS3 is suspected to be a low abundance protein and there is little reason
to think that the basal bodies along the anterior suture would be enriched in MKS3.
Therefore, the rationale for this staining pattern is unclear. Given the nature of the
staining across the rest of the cell, it seems likely that the staining pattern on the ventral
surface of the cell is an artifact of the immunofluorescence preparation procedure.
Despite being raised against the Paramecium MKS3 sequence, this antibody seems
incapable of recognizing MKS3 in immunofluorescence experiments.
An experiment to test the Anti-Paramecium MKS3 antibody’s ability to detect
MKS3 on Western blots of purified cell membrane was attempted (figure C1.4). Similar
to the result obtained with the Anti-Human MKS3 antibody, multiple bands were present
throughout the entire lane. Unfortuantely none of the bands were at the expected
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molecular weight of ~110 kDa. Again, this preparation should include the transition zone
where we would expect full length MKS3 to be present. This result indicates that the
Anti-Paramecium MKS3 antibody also detects multiple epitopes that are present in pure
cell membrane preparations of wild type Paramecium.
Figures C1.1-1.4 show representative images of multiple methods that were
attempted to try to alter the observed immunofluorescence staining and Western blot
banding patterns obtained with the Anti-MKS3 antibodies. For the immunofluorescence
experiments we attempted multiple permeabilization conditions (0.1%-1.0% of the
following detergents Triton X-100, Digitonin, Saponin and NP-40) for times ranging
from 10 seconds to 1 hour. Similarly we tried multiple fixation conditions (1%-4%
Paraformaldehyde) for similar times (10 seconds-1 hour). We also attempted a Sodium
Dodecyl Sulfate treatment of the cells following fixation in an attempt to improve
detection of MKS3 according to the protocol found in (Wilson and Bianchi, 1999). For
both immunofluorescence and Western blot experiments we attempted a heat-induced
antigen retrieval protocol found in (Yamashita, 2007) to imporved the detection of
MKS3. None of these protocols produced results that were significantly different from
the data presented here.
Unfortunately both the Anti-Human MKS3 and the Anti-Paramecium MKS3
antibodies detected multiple epitopes from proteins present in Paramecium. As
previously mentioned (future directions) it is possible that the C-terminus of MKS3 in
Paramecium is occluded and therefore the antibodies were prevented from interacting
with the epitope. It is also possible that MKS3 is present in extremely low abundance
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thus making it difficult to detect via immunofluorescence and Western blots. Without
further testing we cannot say definitively that either antibody is incapable of detecting
MKS3 in Paramecium.
Future work with these antibodies should focus on determining the extent of their
specificity. In order to test this, Western blots from pure membrane prepared from MKS3
RNAi cells should be used. Since this procedure would specifically reduce the level of
MKS3 in the cells, we would expect any MKS3 bands recognized by the antibodies to
decrease in intensity or disappear altogether. Furthermore, MKS3 RNAi experiments
could be performed to test the specificity of the Anti-Paramecium MKS3 antibody in
immunofluorescence experiments. In this case, we would expect the staining around the
anterior suture to decrease in intensity or disappear in MKS3 RNAi cells. It may also be
possible to perform an ammonium sulfate cut on the Anti-Paramecium antibody in an
attempt to increase its purity. Removing any remaining contaminants may help to
increase the specificity of this antibody. Further testing with both the Anti-Human and
Anti-Paramecium MKS3 antibodies will be necessary to determine if either antibody is
capable of specifically recognizing endogenous MKS3 in Paramecium.
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A

B

Figure C1.1: Immunofluorescence Images of Wild Type Paramecium Stained With
Anti-Human MKS3 Antibody
Panel A shows the no primary antibody (Anti-Human MKS3) control with a reference
image to the right. As we would expect, there is minimal staing in the absence of the
primary antibody and the only detectable signal (green) is from the secondary antibody.
Panel B shows the staining pattern resulting from a 1:1000 dilution of Anti-Human
MKS3 antibody. The staining pattern (green) is diffuse throughout the cytoplasm and
does not show any localization to specific structures where we would expect MKS3 to be
present. A reference image is shown to the right. Scale bars are 15 µm.
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Figure C1.2: Western Blot Of Wild Type Paramecium Purified Cell Membrane
Developed With Anti-Human MKS3 Antibody
Purified cellular membrane proteins were separated on a 12% acrylamide gel and
transferred to nitrocellulose as previously described (chapter 3 methods). The blot was
developed with Anti-Human MKS3 (1:1000) and Goat Anti-Rabbit secondary antibody
(1:10000) conjugated to alkaline phosphatase.
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Ventral

Dorsal

Figure C1.3: Anti-Paramecium MKS3 Antibody Shows Non-Specific Staining
Across The Majority Of The Cell Surface
ID5 staining labeling the basal bodies is shown in red and Anti-Paramecium MKS3
staining is shown in green. Anti-Paramecium MKS3 shows non-specific localization
across the dorsal (left image) and most of the ventral (right image) surface of
Paramecium. For an unknown reason, the antibody seems to be specific for basal bodies
along the anterior suture (yellow arrows) of the cell. Scale bars are 10 µm.
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Figure C1.4: Western Blot Of Wild Type Paramecium Purified Cell Membrane
Developed With Anti-Paramecium MKS3 Antibody
Purified cellular membrane proteins were separated on a 12% acrylamide gel and
transferred to nitrocellulose as previously described (chapter 3 methods). The blot was
developed with Anti-Paramecium MKS3 (1:1000) and Goat Anti-Rabbit secondary
antibody (1:10000) conjugated to alkaline phosphatase.
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Appendix D: MKS3-2, a Potential Homolog of MKS3 in Paramecium,
Shows Phenotypes Similar to those Reported for MKS3 RNAi in
Paramecium.

Introduction and Methods
Our initial BLAST searches in the Paramecium database for MKS3 showed a
potential homolog present in Paramecium (GSPATP00005677001). For the purposes of
the experiments we titled this sequence MKS3-2. MKS3-2 (GSPATG00005677001)
shows no significant similarity to MKS3 at the nucleotide level. At the amino acid level
MKS3-2 shows 32% identity, with an e-value of 2e-154, to MKS3 in Paramecium as well
as homology to MKS3 in several mammals (see Table D1.1 for a table of amino acid
homology and figure D1.1 for amino acid alignments). With this in mind we decided to
investigate the function of MKS3-2 in Paramecium.
MKS3-2 is 916 amino acids long with a predicted molecular weight of ~106 kDa.
It is predicted to have 5 or 7 transmembrane domains and similar to MKS3 in
Paramecium, it is predicted to contain an N-terminal signal peptide (positions 1-13) an
N-terminal cysteine rich domain (positions 15-78) and two coiled coil domains the first at
positions 546-567 and the second at positions 750-763.
A MKS3-2 RNAi vector was generated by amplifying a region of the MKS3-2
sequence from genomic DNA using the following primers Forward (5’gtaaactcagcatgtcctg-3’) and reverse (5’-ctattggctatgctgagggttc-3’). The sequence chosen
for RNAi covers ~65% of the MKS3-2 gene sequence and produced no predicted off
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target effects in the Paramecium genome. The amplified sequence was treated with SacI
and XhoI and ligated into L4440 as described in chapter 2 of this work. Similarly, RNAi
and immunofluorescence experiments were performed as described in Chapter 2.

Results and Discussion
Consistent with MKS3-2 being a homolog of MKS3, RNAi for MKS3-2 produced
phenotypes mimicking reduction of MKS3 in Paramecium. MKS3-2 RNAi cells showed
global ciliary loss at around 24 hours of RNAi treatment (figure D1.2) suggesting that
MKS3-2 may function at the transition zone. The cells developed disorganized basal
body rows on their dorsal surface (figure D1.3 insets and D1.4 B, inset), they showed
distorted cortical ridge shapes (figure D1.3) and had post ciliary rootlets and transverse
microtubules that no longer projected in their stereotypical orientations (figure D1.4).
This suggests that MKS3-2 is also involved in maintenance of basal body row
organization.
We then attempted dual MKS3/MKS3-2 RNAi. Depletion of both sequences
produced no additional phenotypes from the ones that were described for MKS3 or
MKS3-2 RNAi alone. The MKS3/MKS3-2 dual RNAi cells showed global ciliary loss
after approximately 24 hours of RNAi treatment (figure D1.5). MKS3/MKS3-2 dual
RNAi cells also showed distorted cortical ridges (figure D1.6), which is indicative of
basal body row disorganizations. Due to the lack of any additional phenotypes upon
depletion of both MKS3 and MKS3-2 no further experiments were performed.
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Paramecium MKS3-2 shows no significant sequence similiarity to Paramecium
MKS3 at the nucleotide level yet the sequences show significant similarity at the amino
acid level. Although speculative, this may suggest that these two genes developed
separately within the Paramecium genome but have co-evolved to share amino acid
seqnece homology and to perform similar functions within the cell. Our work with
MKS3-2 has shown that RNAi leads to phenotypes that are similar to MKS3 RNAi.
Interestingly, RNAi for both MKS3 and MKS3-2 did not produce any additional
phenotypes that were observed in our immunofluorescence experiments.
The phenotypes for MKS3-2 RNAi were identical to those observed for MKS3
RNAi and the MKS3-2 sequence seems to be present exclusively in Paramecium.
Furthermore, the amino acid sequence for MKS3-2 shows the highest homology to
MKS3 in other systems. For these reasons, we did not pursue any further analysis of this
sequence. However, from the work that has been performed, it seems that the presence of
MKS3-2 in the Paramecium genome does not compensate for the reduction of MKS3 and
vice versa. If compensation were the case we would expect that the majority of the
phenotypes would be observed upon depletion of both MKS3 and MKS3-2. Our data may
suggest that these two proteins function together to maintain cilia and basal body row
organization however, the loss of one seems to be enough to disrupt the function of the
other. Given the amino acid sequence and predicted structural homology, a similar
function for MKS3 and MKS3-2 was expected in Paramecium.
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Species

E Value

Maximum Identity

Paramecium

2e-154

32%

Tetrahymena

1e-92

27%

C. elegans

2e-36

23%

Danio rerio

7e-65

25%

Rat

7e-59

24%

Table D1.1: Comparison Of The MKS3-2 Amino Acid Sequence To MKS3 Amino
Acid Sequences In Paramecium, Tetrahymena, C. elegan, Danio rerio And Rat.
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Figure D1.1: Amino Acid Sequence Alignment For Paramecium MKS3-2 With
MKS3 In Several Species
Paramecium MKS3-2 amino acid sequence aligned with, Tetrahymena, C. elegans,
Danio rerio and Rat MKS3 sequences. Amino acids showing 100% identity across all
species are highlighted in blue. Amino acids showing amino acid consensus match are
shown in green. White indicates amino acid mismatches.
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L4440 Control

MKS3-2 RNAi

Scale bar is 15 µm
Figure D1.2: MKS3-2 RNAi Leads To Global Ciliary Loss

MKS3-2 RNAi leads to global ciliary loss at approximately 24 hours of RNAi treatment.
This phenotype is similar to that observed for MKS3 RNAi. Cells were stained with
Anti-tubulin to visualize the cilia. Scale bars are 15µm.
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L4440 Control

Anti 2F12

MKS3-2 RNAi

Figure D1.3: MKS3-2 RNAi Leads To Disorganization Of The Cortical Ridges
Similar To MKS3 RNAi.
Reduction of MKS3-2 leads to cortical ridge disorganizations similar to those seen upon
depletion of MKS3 alone. Control cells show the expected highly organized cortical rows
while MKS3-2 RNAi cells show clusters of cortical units. Cortical unit clustering is
indicative of basal body row disorganization and basal bodies can be seen at the center of
the clustered cortical units in the cropped images to the right. Cells were stained with
Anti-2F12 to visualize the cortical ridges. Scale bars are 15µm; insets are the same scale
as whole cell image.
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Anti-tubulin(red)/Anti-Centrin(green)

IFT88 fed control RNAi

A

MKS3-2 RNAi

B

Figure D1.4: Post Ciliary Rootlets And Transverse Microtubules In MKS3-2 RNAi
Cells Do Not Project In Stereotypical Orientations.
Panel A shows organized rows of basal bodies with post ciliary rootlets and transverse
microtubules projecting in their stereotypical orientations. In panel B, upon MKS3-2
reduction, we see disorganized basal body rows and post ciliary rootlets and transverse
microtubules that no lonher project in the stereotypical orientations seen in the control
cells. Cells were stained with Anti-Centrin (red) and Anti-Tubulin (greee) to visualize the
basal bodies and rootlet microtubules respectively. Scale bars in the whole cell image are
10 µm. Scale bars in the enlarged insets correspond to 2 µm.
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L4440 Control

MKS3-1/3-2 RNAi

Figure D1.5: Simultaneous Reduction Of MKS3 And MKS3-2 Leads To Global
Ciliary Loss.
Similar to the phenotypes oberseved for MKS3 or MKS3-2 RNAi alone, MKS3/MKS3-2
dual RNAi leads to global ciliary loss. Cells were stained with Anti-tubulin to visualize
cilia. Scale bars are 15 µm.
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L4440 Control

MKS3-1/3-2 RNAi

Figure D1.6: MKS3/MKS3-2 Dual RNAi Leads To Cortical Ridge Distortions
Similar to RNAi for MKS3 or MKS3-2 simultaneous reduction of MKS3 and MKS3-2
leads to distorted cortical ridges. At the center of the cortical units faint basal body
staining is present. Basal body row disorganization is consistent with the phenotypes
observed for depletion of MKS3 or MKS3-2. Cells were staind with Anti-2F12 to
visualize the cortical ridges. Scale bars correspond to 10 µm; inset is the same scale as
whole cell image.
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Appendix E: Amino Acid Alignments of Paramecium MKS3 with
Several Additional Species
Amino acid alignment data for Paramecium MKS3 with Tetrahymena,
Caenorhabditis elegans, Danio rerio, and Rattus norvegicus are presented in this
appendix. A BLAST search of Paramecium MKS3 in the NCBI database indicated the
best match outside of Paramecium was Tetrahymena MKS3 (27% identity). The best
best mammalian match was Rattus norvegicus MKS3 (24% identity). Danio rerio and
Caenorhabditis elegans MKS3 both showed 23% identity to Paramecium MKS3. These
data along with e-values for the alignments are summarized in table E1.1. A full amino
acid sequence alignment for MKS3 across all the species listed above can bee seen in
figure E1.1.
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Species

E Value

Maximum Identity

Tetrahymena

2e-64

27%

C. elegans

2e-38

23%

Danio rerio

2e-60

23%

Rat

8e-71

24%

Table E1.1: Comparison Of The Paramecium MKS3 Amino Acid Sequence To The
MKS3 Amino Acid Sequence In Tetrahymena, C. elegans, Danio rerio And Rattus
norvegicus.
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Figure E1.1: Full Lenth Amino Acid Sequence Alignment For Paramecium,
Tetrahymena, Danio rerio, C. elegans And Rattus norvegicus MKS3.
Paramecium MKS3 aligned with the amino acid sequences from Tetrahymena, Danio
rerio, C. elegans and Rattus norvegicus Meckelin. Amino acids showing 100% identity
across all species are highlighted in blue. Amino acids showing amino acid consensus
match are shown in green. White indicates amino acid mismatches.
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